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COSMOCHEMISTRY
PART 1. METEORITES

By BriaNn Mason!

ABSTRACT

Meteorites are the least-differentiated rocks in the solar
system, and can thus provide a reasonable approximation to
the relative and absolute abundances of the nonvolatile ele-
ments. This was first recognized by V. M. Goldschmidt, who
in 1937 used data from meteorites to compile the first table
of cosmic abundances of the elements in “Geochemische
Verteilungsgesetze der Elemente.” The great expansion and
improvement in analytical techniques, coupled with a growing
interest on space research, have resulted in an enormous
expansion in the data on elemental abundances in meteorites.
These data (to 1976) are summarized herein. An introdue-
tory section discusses the phase composition and classification
of meteorites, and the factors governing the distribution of
the chemical elements within them. This is followed by seec-
tions, one for each element (groups of elements for the noble
gases and the lanthanides), in which the specific abundances
are tabulated and discussed. A concluding section compares
meteoritic and solar abundances, using Type I carbonaceous
chondrites as the best approximation for average meteoritic
matter. In this class of meteorites the order of abundance of
the elements (by weight) is: O, Si, Fe (>10 percent); Mg,
S, Ca, Ni (1-10 percent); Al, Na, Cr, Mn (0.1-1 percent);
P, Cl, K, Co, Ti, Zn, Cu (0.01-0.1 percent); all others
(<0.01 percent). A list of meteorite minerals is provided,
and a tabulation of elemental abundances in 35 stony meteor-
ites represents most of the recognized classes.

INTRODUCTION

HISTORICAL BACKGROUND

The systematic investigation of elemental abun-
dances in meteorites can be said to date from 1923.
In that year V. M. Goldschmidt, in the initial part of
his great work “Geochemische Verteilungsgestze der
Elemente,” pointed out the significance of meteorites
for elucidating the geochemistry of the elements. He
proposed a classification of the elements into sider-
ophile, chalcophile, lithophile, and atmophile groups,
according to their affinity for metallic iron, for sul-
fides, for silicates, and for the atmosphere, respec-

! Curator, Department of Mineral Sciences, National Museum of
Natural History, Smithsonian Institution, Washington, D.C. 20560.

tively. He remarked that meteorites, with their
nickel-iron, troilite (FeS), and silicate (plus oxide)
phases, provided a readily available “fossilized” ex-
periment in the distribution of the elements among
these phases. During the following years, Gold-
schmidt and his coworkers made many determina-
tions of specific elements in meteorites. These re-
sults, and those of other investigations such as I.
and W. Noddack and G. von Hevesy, were sum-
marized in the final part of “Geochemische Ver-
teilungsgesetz der Elemente” (1937), and were used
by Goldschmidt to prepare the first comprehensive
table of elemental abundances in meteoritic matter.
In this table (1937, p. 99-101) he introduced the
convention of referring atomic abundances to silicon
as the reference element, primarily in order to relate
terrestrial and meteoritic abundances to solar abun-
dances, a convention which has since become stand-
ard practice.

On the basis of the meteoritic data, supplemented
by information from solar spectra, Goldschmidt also
prepared a table of cosmic abundances of the ele-
ments (1987, p. 120-122). This table and many re-
vised versions (such as Cameron, 1973) have formed
the basis for theoretical studies of cosmochemistry
and for the testing of hypotheses of nucleosynthesis.
As Cameron stated (1973, p. 121):

In the field of cosmochemistry, these abundances determine
the mineral phases which will condense from the primitive
solar nebula under different conditions of temperature and
density, so that by examining the bulk compositions and in-
dividual mineral phases of planetary and smaller bodies in the
solar system, much can be deduced about the conditions in
the original primitive solar nebula. As our knowledge of the
abundances improves, more stringent boundary conditions
can be placed on the mechanisms of nucleosynthesis which
produced these elements in stars, particularly in short-lived
phases such as supernova explosions, thus allowing better
tests of theoretical astrophysical calculations in this field.

For some years the propriety of using data from

B1



B2 DATA OF GEOCHEMISTRY

meteorites for establishing cosmic abundances of the
elements was questioned, largely on an apparent
fivefold to tenfold discrepancy between the iron
abundance in the solar photosphere and in chondritic
meteorites (Urey, 1967; Arnold and Suess, 1969).
This discrepancy has been eliminated by the dis-
covery of a tenfold error in the oscillator strengths
of the Fe spectrographic lines used for solar abun-
dance determinations (Garz and Kock, 1969). Anders
(1971a) provided a detailed discussion of this prob-
lem, and concluded that a particular group of mete-
orites, the Type I carbonaceous chondrites, closely
approximates the condensible fraction of primordial
solar-system matter. Figure 1 shows the correlation
between solar abundances and those in Type I car-
bonaceous chondrites for 29 elements for which ade-
quate data are available. If abundances for individual
elements were the same in both, the points in figure
1 would lie on the 45° line. The close approach to this
line is the basis for considering Type I ecarbonaceous
chondrites as approximating in composition the un-
fractionated nonvolatile matter of the solar system.

PHASE COMPOSITION OF METEORITES

More than 80 minerals are known from meteorites
(tables 1 and 83), but many of these are rare acces-

10’
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10%

10*

10°
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SOLAR ABUNDANCES

10

1 | |
01 1 10 102 10° 10* 10° 10° 10’
ABUNDANCES IN TYPE |
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0.1 ] ] 1 ]

FIGURE 1.—Comparison of elemental abundances (normalized
to Si=10° atoms) in Type I carbonaceous chondrites with
abundances in the Sun. Reprinted from Mason (1971) and
published with permission.

TABLE 1.—The common minerals of meteorites

Famacite o~ (Fe,Ni)
Taenite Y- (Fe,Ni)
Troilite FeS

Olivine (Mg,Fe)ZSiO4
Orthopyroxene (Ng,Fe)SiO3

Pigeonite (Mg ,Fe,Ca)SioO

3

Diopside Ca(Mg,Fe)Si

2%

Plagioclase

(Na,Ca) (A1,Si)A1S1i

(4-7 percent Ni)

(30-60 percent Ni)

(About 10 mole percent
CaSi03)

Oq

1 Divided into

10-20 percent,
orthorhombic,
clinobronzite,

and hypersthene,

enstatite, with 0-10 mole percent FeSiO
>20 percent;
and have monoclinic polymorphs known as clinoenstatite,
and clinohypersthene.

, bronzite
these minerals are

It should be noted that the

boundary between bronzite and hypersthene in meteorites, established

by Prior (1920),

is not the same as current mineralogical usage

(30 mole percent FeSiO3), following Poldervaart (1947).
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B4 DATA OF GEOCHEMISTRY

sories. The common and abundant minerals are listed
in table 1. Some contrasts to terrestrial mineralogy
may be pointed out: nickel-iron is practically absent
from terrestrial rocks; the common minerals in
meteorites are largely magnesium-iron silicates,
whereas, in the Earth’s crust, the commonest min-
erals are quartz and aluminosilicates; the common
meteorite minerals are anhydrous, whereas hydrated
minerals are common and abundant on Earth. These
features indicate that most meteorites formed in a
highly reducing environment, in which nickel and
iron were largely in the metallic state. The car-
bonaceous chondrites, a small but remarkable class
of meteorites, differ fundamentally: they consist
largely of serpentine, (Mg, FE) Si,0,,(0OH); (or
related layer-lattice silicates), the nickel is present
mainly in silicates and sulfides, and they contain
considerable amounts of organic compounds of extra-
terrestrial origin. A notable feature of the overall
mineralogy of meteorites is the absence of phases,
such as pyrope garnet and jadeitic pyroxenes, indi-
cative of high pressures (that is, large parent
bodies) ; the origin of the diamond in the Canyon
Diablo iron has been plausibly ascribed to the shock
of impact with the Earth that formed the Arizona
Meteor Crater, and the presence of diamond in the
small group of ureilites appears to be due to extra-
terrestrial shock effects.

CLASSIFICATION OF METEORITES

Current classifications of meteorites are based on
mineralogy and structure. The major groups and
classes are listed in table 2. It is obvious from the
figures for observed falls that the populations of the
different classes vary widely. The figures for ob-
served falls are used as being the best approach to
actual extraterrestrial abundances; irons dominate
meteorite finds since they are resistant to weather-
ing and are readily recognized as meteorites or at
least as very unusual objects. More than 80 percent
of meteorite falls are chondrites, and 84 percent of
these belong to two classes, frequently referred to
jointly as the ordinary or common chondrites. Of
the other classes of meteorites, some are represented
by a single fall, which suggests that additional
classes, as yet unknown, may well exist.

CLASSIFICATION OF CHONDRITES

Chondrites are characterized by the presence of
chondrules, which are small (~1 mm diameter)
spheroidal aggregates, usually of olivine and (or)

pyroxene. Chondrules are unique to chondritic mete-
orites 2, being unknown in terrestrial rocks, which
suggests that they were formed by some exotic
process. That they originated as molten silicate drop-
lets is generally agreed, although where and under
what circumstances is still a controversial subject.
Current ideas include volcanism on the meteorite
parent bodies, splash droplets formed in collisions
between asteroids, condensation of liquid droplets
from a hot gas of solar composition, and fusion of
dust in the primordial solar nebula.

Not only are the chondrites the most abundant
meteorites, but many features indicate a primary
origin for them and a derivative origin for the other
meteorite groups. As a consequence, compositional
data are far more extensive for the chondrites than
for any other meteorite group. However, although
the chondrites may have originated from compara-
tively undifferentiated parent material, they can
be subdivided into several classes and subclasses,
marked off by distinct mineralogical and chemical
hiatuses.

This subdivision is illustrated in figure 2, which
plots chemical analyses of individual chondrites in
the form of weight percent iron as metal and sulfide
(that is, reduced iron) against weight percent
oxidized iron (essentially iron combined in silicates).
The trend is clear, from meteorites in which all the
iron is in the reduced form (the enstatite chondrites)
to meteorites in which all or nearly all is in the
oxidized form (the carbonaceous chondrites). But
the sequence is not a continuous one, and the five
classes of chondrites form discrete clusters in this
diagram. The classes are also distinguished by their
total iron content. Urey and Craig (1958), in the
original version of figure 2, noted a bimodal cluster-
ing of points corresponding to average total iron
contents of approximately 22 percent and 28 percent,
and named these the low-iron (L) and high-iron
(H) groups respectively. The present figure 2, based
on a more rigid selection of analyses and a consider-
able number of superior analyses made since 1953,
shows that the H group comprises the bronzite
chondrites and the L group the hypersthene chon-
drites. In the enstatite chondrites the iron content
ranges from values corresponding to the L group to
higher figures than those characteristic of the H
group. Carbonaceous chondrites cannot be directly
compared with the other classes of chondrites, since
they contain a large amount of combined water and
other volatiles; on a volatile-free basis (used in fig.
1) they belong to the H group.

2 Chondrite-like structures have been identified in some lunar rocks.
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35
I EXPLANATION
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FIGURE 2.—Relationship between oxidized iron and iron as metal and sulfide in analyses of chondrites, illus-

trating the separation into distinct classes and the variation within the classes. Reprinted from Mason (1967b)
and published with permission.
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B8 DATA OF GEOCHEMISTRY

The individual classes can be divided into sub-
classes by the use of chemical, mineralogical, and
structural distinetions. On the basis of his numerous
chemical analyses, Wiik (1956) divided the car-
bonaceous chondrites into Types I, II, and III, some
of the principal distinguishing factors being C, H,O,
total S, and specific gravity, the mean values being:

¢ HO S Sp gr
Type I — - 3.54 20.08 6.04 2.2
Type Il .. 2.46 13.35 3.16 2.7
Type IIN________ ... 46 99 2.21 3.4

These three types are clearly demarcated by both
chemical and mineralogical criteria, and appear to be
diserete groups, meteorites of intermediate composi-
tion being unknown. One unique carbonaceous chon-
drite, Renazzo, cannot be readily classified; its min-
eralogy resembles that of Type II, except for the
presence of 12 percent free nickel-iron. Type III car-
bonaceous chondrites have been called olivine-pi-
geonite chondrites, but the mineral identified as
pigeonite is now known to be a pyroxene of the
clinobronzite-clinchypersthene series, so the term
“olivine-pigeonite chondrite” should be abandoned.

The existence of an amphoterite group distinct
from the hypersthene chondrites has been the sub-
ject of some controversy. Inspection of figure 2
shows a cluster of hypersthene chondrite analyses
around 10 percent oxidized iron, and a smaller
cluster around 15 percent oxidized iron, with pos-
sibly a hiatus between them. This clustering was
first perceived by Prior (1916), and he called them
the Baroti type and Soko-Banja type respectively,
after two analyzed meteorites. In the 1920 paper in
which Prior established the current classification, he
placed these two types in a single class of hyper-
sthene chondrites; the overall chemical composition
of the two types is very similar, except for the de-
gree of oxidation of the iron. As figure 2 shows,
the greater amount of oxidized iron in the Soko-
Banja type is compensated by a concomitant de-
crease in the amount of iron in the metal phase.
Mason and Wiik (1964) studied a number of mete-
orites of the Soko-Banja type and found that chem-
ically and mineralogically they correspond to the
amphoterites, then considered a class of achondrites,
evidently because they contain few and poorly de-
fined chondrules; Mason and Wiik therefore con-
sidered the amphoterites as a subclass of the hyper-
sthene chondrites. Independently, Keil and Fredriks-
son (1964) pointed out some distinctive features of
the Soko-Banja type chondrites, in particular: “The
total iron content of the Soko-Banja group is almost
the same as in the L-group chondrites, whereas the
mettalic nickel-iron content is considerably lower.

For this reason the group constituted of Soko-Banja
chondrites should properly be designated the low-
iron-low metal (or LL group) of chondrites” (p.
3493-4) . Thus the terms Soko-Banja type (or group),
LL group, and amphoterite refer to a single group
of meteorites. A compositional hiatus probably exists
between this group and the hypersthene chondrites
(Fredriksson and others, 1968), but the hiatus is a
narrow one, much narrower than those between the
other chondrite classes and between the Type I, II,
III carbonaceous chondrites.

The bronzite chondrites form a very coherent
group and are not readily subdivided on chemical or
mineralogical criteria. The enstatite chondrites, how-
ever, show a wide spread in chemical composition,
their total iron content ranging from 20 to 35 per-
cent. They can be divided into two subclasses, some-
times called Type I and Type II (Anders, 1964). Type
I enstatite chondrites contain more than 30 percent
Fe and more than 5 percent S; the principal mineral
is clinoenstatite ; and chondritic structure is well de-
veloped. Type Il enstatite chondrites contain less
than 30 percent Fe and 5 percent S; the principal
mineral is enstatite; and chondritic structure is
poorly developed. Type I and Type II enstatite chon-
drites show characteristic differences in minor- and
trace-element contents (Larimer and Anders, 1967).

The similarities and differences in overall chemical
composition between chondrites of the different
classes and subclasses is illustrated in table 3. The
variation in nickel and cobalt are clearly seen. The
carbonaceous chondrites, the common chondrites,
and the enstatite chondrites have distinctive Si/Mg
ratios, as pointed out originally by Urey (1961).
Fractionation of the major lithophile elements be-
tween different classes of chondrites is the subject
of a paper by Ahrens and others (1969).

Van Schmus and Wood (1967) developed a classi-
fication scheme for the chondrites that has been
widely adopted. They distinguished six petrologic
types on the basis of mineralogical and structural
criteria (table 4). They then constructed two-dimen-
sional classification grid (table 5), using these six
petrologic types and five chemical groupings
[enstatite chondrites (E), carbonaceous chondrites
(C), bronzite chondrites (H), hypersthene chon-
drites (L), and amphoterites (LL)]. No carbona-
ceous chondrites of types 5 and 6 are known, and
there are no representatives of types 1 and 2 in the
remaining chemical groups. Their C1, C2, and C3
classes correspond closely to Wiik’s Type I, II, and
III carbonaceous chondrites. Their E3 and E4 classes
correspond to the Type I enstatite chondrites, E5
and E6 to the Type II. The Van Schmus-Wood clas-
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TABLE 5.—Classification of the chondrites
[From Van Schmus and Wood, 1967}

PETROLOGIC TYPE

1 2 3 1 5 6
E | El E2 E3 E4 E5 E6
a — — 1* 4 2 6
3 cla C2 C3 [ C5 C6
& 4 16 8 2| — —
‘j H | H1 H2 H3 H4 H5 H6
S — — 7 35 74 L7
S L|u L2 L3 L4 L5 L6
é — — 9 18 43 152
©wlm L2 3 | L4 13 L6
— — 4 3 7 21

*Number of examples of each meteorite type now known is
given in its box.

sification implies that each chemical group is essen-
tially an isochemical sequence, and that the classes
within each group are genetically related; they sug-
gested that (except for the carbonaceous chondrites)
the sequence may represent progressive recrystalli-
zation, The interpretation is not universally accepted.
However, the classification stands independently of
its genetic implications; it provides a workable
scheme for subdividing the larger chondrite classes,
and has shown its utility in the interpretation of
minor- and trace-element data.

CLASSIFICATION OF ACHONDRITES AND STONY-IRONS

Superficial examination of a collection of achon-
drites and stony-irons reveals a great diversity and
an apparent lack of any unifying features. Some of
them, especially the mesosiderites, are obviously
breccias made up of fragments of widely different
chemical and mineralogical composition, cemented
together by a nickel-iron matrix. However, a closer
examination does indicate relationships that imply
common processes of genesis for most of them. The
composition and structure of the silicate material
indicate original crystallization from a melt, similar
to the magmas that gave rise to terrestrial mafic
and ultramafic igneous rocks.

These relationships can be most readily visualized
in the form of a diagram (fig. 3). This shows a regu-
lar trend, from calcium-poor, magnesium-rich com-
positions to compositions richer in calcium and fer-
rous iron. The enstatite achondrites can plausibly
be accounted for by the partial melting of a parent
body of enstatite chondrite composition, whereby

DATA OF GEOCHEMISTRY

25 T T Ly T T T
- EXPLANATION
Z 20 + Enstatite achondrites -
[&] A Pallasites (olivine)
& 8 Hypersthene achendrites
& .5k X Mesosiderites (silicates) 0 o 4
'3'; © Howardites
8 ® Eucrites o °
210 O Nakhlite °® O o _

¢ Angrite ®
2 X &Ko v
o sk X ®
S x ® ]
]
0‘*'+ aa o ® " ! ! !
0 10 20 30 40 50 60 70

FeO/FeO+MgO, IN MOLE PERCENT

Fi1GURE 3.—Plot of CaO (weight percent) against FeO/
(FeO+Mg0O) (mole percent) for the achondrites and
stony-irons.

metal and sulfide were melted and removed by gravi-
tational forces, leaving a residue of coarsely-crystal-
lized enstatite and a little sodic plagioclase. Most of
the other achondrites and stony-iron may have
been derived by the melting and fractional crystal-
lization of one or more parent bodies with the overall
composition of the common chondrites. Such a melt
would begin to crystallize at about 1,500°C with the
separation of magnesium-rich olivine, similar in
composition to that found in pallasites. This olivine
together wth the molten nickel-iron would sink and
eventually form a core of pallasitic composition.
The crystallization of olivine would be followed by
that of hypersthene, with a higher Fe/Mg ratio, as
occurs in the hypersthene achondrites. At a slightly
later stage, plagioclase would begin to crystallize,
giving the association hypersthene-plagioclase char-
acteristic of the howardites. This fractional crystal-
lization would result in a steady increase in the con-
centration of calcium and ferrous iron in the melt,
and eventually pigeonite, a pyroxene richer in iron
and calcium than hypersthene, would be the stable
ferromagnesian silicate, producing the association
pigeonite-plagioclase characteristic of the eucrites.
Mesosiderites appear to be breccias of all these
achondrite types, together with nickel-iron and
olivine,

CLASSIFICATION OF IRON METEORITES

The traditional basis for classifying iron mete-
orites is their structure, specifically the relationship
between kamacite, taenite, and plessite (a fine inter-
growth of kamacite and taenite). This classification
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COSMOCHEMISTRY PART 1.

is presented in table 6, and its significance was dis-
cussed in detail by Buckwald (1975).

A more detailed chemical classification of the irons
[based on chemical parameters], has been developed
by J. T. Wasson and coworkers, and is described by
Scott and Wasson (1975). This work is a refinement
and extension of the earlier Ga-Ge divisions of Gold-
berg, Uchiyama, and Brown (1951) and Lovering
and others (1957). This classification is based on
structural data and accurate analyses for Ni, Ga, and
Ge. Sixteen groups of irons have been defined, each
of which shows limited ranges of these and other
elements, and very similar structures (table 7). Scott
and Wasson believe there is good evidence for genetic
relationships between groups IA-IB, ITA-IIB, IIIA-
IIIB, and ITIC-IIID, and each of these pairs is con-
sidered as a single group, giving 12 distinet groups.
As can be seen from table 7, the groups are very un-
evenly populated, two of them (IA and IITA) com-
prising over 40 percent of the whole. The relation-
ship of Co, Ga, Ge, As, Ru, Sb, Re, Os, Ir, Pt, and Au
to Ni is shown in diagrams under each of these
elements.

CHEMICAL FRACTIONATIONS IN CHONDRITES

The abundance variations between different
classes and subclasses of chondrites were carefully

METEORITES B13
reviewed by Larimer and Anders (1967). Figure 4,
taken from their report, relates the abundances of a
considerable number of elements, of differing degree
of volatility, in Type I, II, and III carbonaceous
chondrites, and in the ordinary chondrites. For the
carbonaceous chondrites, abundances decrease from
Type I through Type II to Type III by rather con-
stant factors, in the ratio 1.0:0.6:0.3; Type I
enstatite chondrites, with a factor 0.7, resemble Type
II carbonaceous chondrites. In ordinary chondrites
and Type II enstatite chondrites, 9 elements (Au,
Cu, F, Ga, Ge, S, Sb, Se, and Sn) are depleted by fac-
tors of 0.2-0.5, whereas 12 elements (Te, Ag, Zn, Cd,
Hg, Cl, Br, I, Pb, Bi, In, Tl) show more drastic deple-
tions, to factors of 0.002. Larimer and Anders con-
sidered that chondrites are a mixture of two types of
material: a low-temperature fraction (=matrix)
that retained most of its volatiles, and a high-tem-
perature fraction (=chondrules, metallic grains)
that lost them. They concluded that these fractiona-
tions occurred in the solar nebula as it cooled from
high temperatures, and could not have been produced
in the meteorite parent bodies. They correlated the
different compositions of the chondrite classes with
different regions of aggregation within the ancestral
solar nebula: enstatite chondrites come from the in-
ner fringe of the asteroidal belt; ordinary chondrites

T T T T T 1T T T T T T T1 T T T T T T T T T T 71 T T T 1
1.0 Carbonaceous | . a |
E Mbonaceous I K/ e A ]
- i |
go | D\ ]
i = 2 o
ot
F2 . Carbonaceous I
Lo 10 . =
ES i Ordinary E
38 T .
o _
Q |
a9 -
o
g3 —\/
<O
S 2107 —
2 =
2 S - Abundances of Depleted Elements =
¢ = in Ordinary and Carbonaceous Chondrites ]
- ® Carbonaceous Type ll O Carbonaceous Type lll N
- Geochemical Character: a=atmophile c=chalcophile -
I=lithophile s=siderophile
o311 1 I N T N N R R S| AR R N NN NN NN N N N N B | R R B

MnNa K Rb Cs CuAuGaGe SnSb F S Se
| A O T A | s s s s s s |

Te AgZn Cd Hg Cl Br | Pb Bi In TI KrXe H C N
c ¢ c s ¢cc¢c s | I | s s ¢ s a a a a a

<— ALKALIS — <—— NORMAL GROUP ———> <— STRONGLY DEPLETED GROUP —> <ATMOPHILES>

FIGURE 4.—Relative abundances of selected elements in Type II and III carbonaceous chondrites and in ordinary chon-
drites, normalized to Type I carbonaceous chondrite abundances=1.0. Reprinted from Larimer and Anders (1967)
and published with permission.
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from the center and inner half; carbonaceous chon-
drites from the outer fringe or from comets.

Goles (1969, p. 123) commented: “While the model
of Larimer and Anders (1967) is an engagingly
simple approach to the systematization and, hope-
fully, understanding of geochemical fractionations
among meteorites, much further work must be done
before it can be accepted as valid.” This seems to be
a reasonable statement of the present situation. The
existence of fractionation, both of major and minor
elements, between different classes of chondrites is
beyond dispute ; how and where these fractionations
took place, and their significance for the early his-
tory of the solar system, are certainly open for fur-
ther elucidation. Clearly, however, the different
classes of chondrites are not a simple genetic se-
quence in the sense that one class represents the
parent material from which the others were derived.
Instead, they appear to be samples from different
regions of an ancestral nebula which was somewhat
differentiated chemically, and possibly mineralo-
gically. Carbonaceous chondrites, usually considered
more “primitive” or “undifferentiated” with respect
to other chondrites, are so only to the extent that
their elemental abundances approximate solar abun-
dances more closely ; they are presumably coeval, not
ancestral, to the other classes.

THE GEOCHEMICAL BEHAVIOR OF ELEMENTS IN
METEORITES

When Goldschmidt proposed his geochemical clas-
sification of the elements in 1923, few data were
available for many of the minor and trace elements.
This situation has been largely remedied, but thor-
ough investigation has revealed some surprising
variations of geochemical behavior under special
circumstances, particularly in some of the less com-
mon meteorite classes. For example, potassium,
normally a completely lithophile element, occurs as
an essential component of the sulfide djerfisherite,
K;CuFe,.S,,, in some enstatite chondrites. For many
elements, therefore, it is necessary to qualify their
geochemical clagsification according to the specific
environment. Table 8 gives the geochemical behavior
as seen in the ordinary chondrites, with appropriate
qualifications where called for. Some elements show
multiple affinity, even in a single class of meteorite.
In ordinary chondrites, iron shows lithophile, chal-
cophile, and siderophile affinities, whereas in the
enstatite chondrites it is essentially chalcophile and
siderophile, and in the Type I carbonaceous chon-
drites it is essentially lithophile, because these mete-
orites contain no free metal and little or no sulfide.

DATA OF GEOCHEMISTRY

Variations in behavior occur within a single class
of meteorites ; for example, titanium is progressively
more chalcophile and less lithophile in going from the
more chondritic to the more recrystallized members
of the enstatite chondrites (Easton and Hey, 1968).

LOCATION OF MINOR AND TRACE ELEMENTS IN
METEORITES

The location of a specific element in a meteorite is
of course conditioned by its geochemical character.
Siderophile elements are present in the nickel-iron,
chalcophile elements in the troilite, lithophile ele-
ments in the silicates (and accessory minerals such
as phosphates and oxides). However, the quantita-
tive expression of this is only partly explored, and
is a promising field for further investigation. Some
of the possible ways a minor or trace element may be
incorporated in a meteorite are: (1) as a minor con-
stituent of a major phase; for example, in the com-
mon chondrites the manganese is present in solid
solution in the olivine, pyroxene, and chromite, (2)
as a major constituent of a minor phase; for ex-
ample, zirconium has been found to occur as rare
grains of zircon (ZrSi0,), (3) as a minor constituent
of a minor phase; for example, most of the chlorine
in stony meteorites is present in chlorapatite (Ca;
(PO,)Cl, (4) possibly as a constituent of an inter-
granular film; for example, water-soluble bromine
and iodine. Other mechanisms can be postulated. For
example, the noble gases have been found to be con-
centrated in the surface layers of meteorite min-
erals, and emplacement by the solar wind has been
advanced as an explanation.

HYDROGEN

The occurrence and distribution of hydrogen in
meteorites has been extensively reviewed by I. R.
Kaplan, in Mason (1971). Although hydrogen is the
most common element in the solar system and in
the universe as a whole, it is essentially absent from
most meteorites, because of the high-temperature
conditions under which they formed. Only the car-
bonaceous chondrites contain hydrogenated com-
pounds of undoubted extraterrestrial origin—the
small amount of H,O sometimes reported in analyses
of other stony meteorites is probably terrestrial,
acquired since the meteorite entered the Earth’s at-
mosphere. The C1 and C2 carbonaceous chondrites
contain hydrogen in a number of forms: water of
crystallization in gypsum and hydrated magnesium
sulfate, OH groups in serpentine or related layer-
lattice silicates, hydrogen in a variety of organic
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TABLE 9.—Hydrogen released as water from carbonaceous chondrites
[In weight percent]

Meteorite Type HZO— H20+ Reference

Orgueil Ccl 6.10 10.55 Jarosewich, unpub. data
Pollen Cc2 .62 12.95 Wiik, unpub. data
Murray Cc2 2.44 9.98 Wiik, 1956

Santa Cruz Cc2 1.10 9.23 Wiik, 1956

Murchison Cc2 1.14 8.95 Jarosewich, 1971

Essebi Cc2 3.72 7.67 Wiik, unpub. data
Ornans Cc3 .18 .25 Wiik, 1956

Warrenton c3 .00 .10 Wiik, 1956

compounds, and presumably acquired terrestrial
H.O as well. Some analytical data are given in table
9. Many of the C38 chondrites have no detectable
combined hydrogen, which is consistent with the
absence of hydrated minerals; the small amounts
reported in some of them may be partly terrestrial
and partly derived from organic compounds.

Boato (1954) concluded from his studies that all
H.O liberated by heating in a vacuum up to 180°C
was terrestrial water absorbed by different minerals
in the meteorite. This conclusion was reached by
measuring the D/H ratio of the liberated water at a
series of temperatures from 25°C to 800°C. For the
Ivuna, Orgueil, and Mokoia meteorites, water re-
leased above 180°C gave values that fell outside the
range of atmospheric water. Some of the H.O ex-
tracted from the carbonaceous chondrites has the
highest deuterium content ever found in natural
material.

Edwards (1955) extracted hydrogen from 14 iron
meteorites, and found a range of 0.7-54 ppm.

THE NOBLE GASES: HELIUM, NEON, ARGON,
KRYPTON, XENON

The noble gases have especial significance in the
geochemistry of meteoritic matter. Their gaseous
nature and inertness simplify analytical proce-
dures, and the volume of data on their abundance
in meteorites exceeds that for most other elements.
By using modern techniques, a determination of
their concentration and their isotopic composition
can be carried out with high precision on small sam-
ples. They may have originated from a variety of
sources, and the identification of these sources en-
ables significant deductions regarding the origin and
evolution of the meteorites.

Neglecting terrestrial atmospheric contamination
(usually small and readily removed by gentle heat-
ing), the noble-gas content of a meteorite may com-
prise several different components, as follows:

Trapped.—Divided into two types, (1) solar, im-
planted in the surface layers of mineral grains di-
rectly from the solar wind; (2) planetary, occluded
from the primitive solar nebula during the initial
condensation of solid matter. The trapped component
is sometimes referred to as the primordial com-
ponent.

Cosmogenic.—Produced by cosmic-ray-induced
spallation reactions; dominantly He, Ne, and Ar
produced by spallation of the abundant elements up
to Fe and Ni. Heavy elements that produce Kr and
Xe by spallation are of low abundance in meteorites,
and hence cosmogenic Kr and Xe occur only in very
minor amounts.

Radiogenic.—Decay products of radioactive iso-
topes; *He from U and Th, ‘“°Ar from *Kr, and
20Xe from extinet 12°1L.

Fissionogenic.—Isotopes of Kr and Xe produced
by spontaneous (for example, 2#*Pu) or neutron-in-
duced (for example ,233U) fission. Anders and others
(1975) have provided evidence that Xe of peculiar
isotopic composition in the Allende meteorite is de-
rived from the fission of an extinct superheavy ele-
ment, probably element 115.

An indication of the concentration range of the
noble gases in meteorites is provided by the data in
table 10 (from Dieter Heymann, in Mason (1971)).
Grant is an iron meteorite and contains only cos-
mogenic gas. Bruderheim contains principally cos-
mogenic gas and radiogenic “He and *Ar, and small
amounts of trapped 3¢Ar, %:Kr, and '¥2Xe. Chainpur
differs from Bruderheim in containing substantial
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amounts of trapped Ar, Kr, and Xe; the same is
true for Orgueil, which also contains a large amount
of trapped He. Fayetteville typifies a small group of
chondritic meteorites with light-dark structure
(light- and dark-gray areas of essentially the same
composition except for their noble-gas content). In
Fayetteville, the light parts have gas contents
similar to Bruderheim, but the dark part contains
vast amounts of trapped He, Ne, and Ar of solar
wind origin.

This brief review clearly shows that no purpose is
served in attempting to give mean concentrations
of the noble gases in meteorites since each meteorite
is essentially unique, and its noble-gas content re-
flects its individual history. Cameron (1973) gave
the following cosmic atomic abundances for the noble
gases (normalized to Si=108): He, 221x10?; Ne,
344x10%; Ar, 1-172x10%; Kr, 46-8; Xe 538,

Wasson (1974) provided a comprehensive account

DATA OF GEOCHEMISTRY

of noble gases in meteorites and their significance
in problems of genesis and subsequent history.

LITHIUM

Lithium is a trace element that shows remarkably
little variation in abundance between different
classes of chondritic meteorites (table 11), except
in the enstatite chondrites of petrologic types 5 and
6, in which this element is notably diminished. The
same is true for the single analysed aubrite
(enstatite achondrite). In terms of atoms/10%Si,
some diminution in abundance is evident in going
from C1 to C2 to C3, and thence to the ordinary
chondrites. The highest concentrations are found in
the eucrites, at about twice chondritic levels.

Lithium is essentially a lithophile element; Fire-
man and Schwarzer (1957) found less than 0.01 ppm
in several iron meteorites., However, Shima and

TABLE 11.—Lithium in stony meteorites

[From Walter Nichiporuk, in Mason, 1971; Nichiporuk and Moore, 1974; Nichiporuk, 1975; and table 84]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
Cl 2 1.52-1.61 1.6 60
Cc2 5 1.61-1.86 1.7 52
C3 11 1.43-3.83 1.9 49
H 13 1.2-2.1 1.7 40
LL 21 1.7-2.7 2.1 45
E4 2 1.3-2.9 2.1 47
E5,6 2 hh=-.64 .58 13
Calcium=-poor achondrites
Ae 1 033 - 503
Ah 1 2.20 - 36
Au 1 1.84 - 40
Calcium-rich achondrites
Aa 1 2.02 - 40
Aeu 3 5007_7027 6-1 106
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Honda (1967) showed that, in the enstatite chondrite
Abee, about two-thirds of the lithium is in the sul-
fide phases; evidently under conditions of extreme
reduction and relatively high sulfur fugacity,
lithium, like sodium and potassium, has chalcophile
affinities. Shima and Honda also showed that in
ordinary chondrites most of the lithium is in the
HCI- soluble fraction (after treatment with bromine
water to remove troilite) ; this indicates that in
these meteorites the lithium probably resides in
olivine, replacing magnesium. (LiFePO, is isostruc-
tural with olivine.)

BERYLLIUM

The limited data on the abundance and distribu-
tion of beryllium in meteorites are derived from the

METEORITES B19
work of Sill and Willis (1962) and Quandt and Herr
(1974). Sill and Willis analyzed 12 chondrites, 4
achondrites, and 1 iron by a fluorometric procedure;
Quandt and Herr analyzed 73 chondrites, 1 achon-
drite, and 4 irons by photon activation. Their re-
sults are generally consistent, although Quandt and
Herr recorded some unusually high values for chon-
drites—those >100 ppb have been omitted from
table 12. The single enstatite chondrite and
enstatite achondrite (aubrite) analyzed show rela-
tive depletion in this element, as does the Johnstown
diogenite; one eucrite, Sioux County, is relatively
enriched. Beryllium is a lithophile element; Sill and
Willis recorded <1 ppb in the Aroos iron, Quandt
and Herr <8 ppb in the four irons they analyzed.
The abundance of Be is remarkably low, lower even

TABLE 12.—Beryllium in meteorites

Class Number Range. Mean Atoms/106Si Source1
analyzed (ppb) (ppb)
Chondrites
c2 1 35 - 0.81 S
c2 1 41 - .94 Q
C3 3 43-93 62 1.25 Q
H 4 30-48 38 .69 S
H 23 30-88 51 .93 Q
L 6 32-58 43 .72 S
L 25 26~-92 52 .87 Q
LL 1 33 - .58 S
LL 4 41-62 51 .85 Q
E4 1 20 - .36 S
Calcium-poor achondrites
Ae 1 6-13 8 0.10 S
Ah 1 13 -— .16 Q
Calcium-rich achondrites
Aeu 1 37-40 39 0.63 S
(Pasamonte)
Aeu 1 272-276 274 3.69 S
(Sioux County)
lS, Sill and Willis (1962); Q, Quandt and Herr (1974).
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than the abundances of the neighboring odd-num-
bered elements.

BORON

Data on the concentration of boron in meteorites
are sparse, and have been summarized and discussed
by P. A. Baedecker (in Mason, 1971). See table 13.
Practically all the data are derived from the work
of Quijano-Rico and Winke (1969), who used a
fluorometric method of determination. The concen-
tration in carbonaceous chondrites is notably higher
than in most other stones, suggesting that in these
meteorites the boron may be associated with the
carbonaceous matter, or that it is combined in vola-
tile compounds. Quijano-Rico and Winke noted a
correlation between boron content and petrologic
type in chondrites, boron behaving like other vola-
tile elements (and noble gases) by diminishing in
concentration with increasing type number. Two iron
meteorites, Canyon Diablo and Toluca, contained
0.02 and 0.03 ppm boron, confirming the lithophile
nature of this element. Mason and Graham (1970)

DATA OF GEOCHEMISTRY

found that in mineral separates from meteorites
boron is concentrated in plagioclase and olivine.

CARBON

Carbon in small amounts is universally present in
meteorites, but until the work of Moore and Lewis
(1965, 1966, 1967) no systematic investigation of a
large number of specimens had been undertaken.
Their results, along with some additional data, are
summarized in table 14 and figure 5. The carbona-
ceous chondrites, as implied by their name, are
richest in earbon ; the abundance ranges of the four
types overlap, and the lower limit of C3 and C4
overlaps the higher limits for the ordinary and
enstatite chondrites. Thus, the distinction between
carbonaceous and other classes of chondrites cannot
be based on carbon content alone. Figure 5 illustrates
the distribution of carbon in the ordinary chondrites
in relation to the petrologic types established by Van
Schmus and Wood (1967). High carbon contents are
clearly confined to the so-called unequilibrated chon-
drites, the petrologic type 3 of Van Schmus and

TABLE 13.—Boron in meteorites
{From P. A. Baedecker, in Mason, 1971]

Class Number Range Mean Atoms/lO6
analyzed (ppm) (ppm)
Chondrites
Ccl 2 5.1-7.1 5.7 144
c2 1 9.4 - 186
Cc3 3 5.6-9.6 7.2 121
H 25 .14-6.0 1.0 15
L 10 .14-1.70 .74 10
LL 1 1.4 - 19
E4 1 .77 - 12
E6 1 043 —— 5-7
Calcium-poor achondrites
Ae 1 0.42 - 3.9
Ah ]. 034 — 3-6
Calcium-rich achondrites
Aeu 1 0.63-1.1 0.83 9.4
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Wood. A good median figure for the ordinary chon-
drites is 0.1 percent C.

The carbonaceous material in stony meteorites
has been exhaustively discussed in a book by Nagy
(1975). In the carbonaceous chondrites, some of the
carbon is present as extractable organic compounds,
but most is combined in a black insoluble complex
of high molecular weight compounds. This complex
is probably the carbonaceous material in most of the
ordinary chondrites, judging by the results of Hayes
and Biemann (1968). They found that the carbona-
ceous material in Holbrook, a hypersthene chondrite,
is largely polymeric, the most abundant compounds
being evolved at 200°-500°C. The pyrolysis com-
pounds are predominantly alkylbenzenes, but various
aromatic C-H-O, C-H-N, C-H-S compounds are also
present, along with some more highly condensed
aromatic hydrocarbons.

METEORITES B21

Carbon contents are low in the achondrites, except
for the ureilities, which have carbon contents as high
as the carbonaceous chondrites.

The results of Moore, Lewis, and Nava (1969) on
iron meteorites (the samples selected to avoid in-
clusions of graphite and cohenite) show generally
low figures for carbon (table 15). Slow cooling has
evidently favored the segregation of carbon into
specific phases, such as graphite and cohenite. Within
the metal phases the carbon is in solid solution in
the taenite (0.1-0.5 percent) in preference to the
kamacite (<0.01 percent), according to Buchwald
(1975).

NITROGEN

Nitrogen in meteorites has been systematically
studied by Moore and his coworkers; the total ni-
trogen contents were determined by an inert gas-

TABLE 14.—Carbon in stony meteorites
[From Vdovykin and Moore, in Mason, 1971]

Class Number of Range Median Atoms/lOGSi
determinations (weight percent) (weight percent)
Chondrites
ci 5 2.70-4.83 3.19 720,000
c2 9 1.30-4.00 2.48 440,000
c3 9 «35-2.49 .56 85,000
C4 2 ,07-.20 .14 20, 000
H 35 .02-.35 .11 15,000
L 43 .03-.53 .09 11,000
LL 16 03-.44 .12 15,000
E4 4 «36-.56 .39 53,000
E5 2 37-.54 45 58,000
E6 7 .06-.43 »36 43,000
Calcium-poor achondrites
Ae 2 0.04-0.10 0.07 59,000
Ah 1 - .04 3,800
Au 5 1.94-4.10 3.00 370,000
Calcium-rich achondrites
Aho 3 0.02-0.25 0.11 11,000
Aeu 4 «04-0.47 .06 6,100
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F1GURE 5.—Frequency distribution of carbon in chondrites; open circles indicate unequilibrated ordinary chondrites,
petrologic type 3; solid circles indicate all other chondrites. Reprinted from Vdovykin and Moore in Mason (1971)
and published with permission.

TABLE 15.—Carbon in iron meteorites
[In weight percent. From Moore, Lewis, and Nava, 1969]

Class Number of Range Median
meteorites
Hx 8 0.005-0.013 0.009
Ogg 3 .009-.022 .013
Og 10 «004-.18 .012
On 42 .002-.06 .014
of 17 .005-.046 .011
Of f 6 «010-.042 .030
D 6 .003-.051 007

fusion gas chromatographic technique (Gibson.and used a neutron activation technique. Results on the
Moore, 1970). Some additional determinations have same meteorite by the two techniques are fairly
been provided by Kothari and Goel (1974), who consistent, although the figures obtained by Kothari
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and Goel are generally somewhat lower. The data
are summarized in tables 16 and 17.

Nitrogen is strongly enriched in C1 and C2 car-
bonaceous chondrites with respect to other classes
of stony mateorites. This can be ascribed to the
presence in C1 and C2 meteorites of nitrogen-bearing
organic compounds; Hayatsu and others (1968)
have identified the nitrogen-bearing organic com-
pounds adenine, ammeline, guanine, guanylurea, and
melamine in the Orgueil (C1) meteorite; and amino
acids have been found in several C1 and C2 mete-
orites—more than 30 different amino acids have been
identified in the Murchison (C2) meteorite (Lawless,
19738).

The state of combination of the small amounts of
nitrogen in noncarbonaceous meteorites is not well
known. Kothari and Goel (1974) found that nitrogen
is enriched in the nonmagnetic relative to the mag-
netic (metallic) fractions in ordinary chondrites.
Some of the enstatite chondrites contain trace
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amounts of the minerals osbornite (TiN) and sinoite
(Si,N.0) ; sinoite-bearing meteorites have notably
enhanced nitrogen contents (Moore, Gibson, and
Keil, 1969).

The nitrogen content of iron meteorites is low
and variable as shown in table 17. The mineral
carlsbergite (CrN) is an accessory in some irons.
Gibson and Moore (1971a) showed that sulfide in-
clusions in iron meteorites contain notably higher
concentrations of nitrogen than the metal itself.

Injerd and Kaplan (1974) determined the isotopic
composition of nitrogen in some carbonaceous chon-
drites, and found that it is enriched in 15N ; §15N
relative to air ranges from 45.6 to 4-46.8 (%,).

OXYGEN

Until 1964, no direct measurements had been made
on the amount of oxygen in any meteorite, oxygen

TABLE 16.—Nitrogen in stony meteorites

[Data from Moore and Gibson, 1969 ; Moore, Gibson, and Keil, 1969; Gibson and Moore, 1971; Gibson and others,
1971a, b; Gibson and Moore, 1970;. Au is from Kothari and Goel, 1974]

Class Number Range Median Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
cl 1 3,090~3,280 3,185 59,000
c2 6 950-2,000 1,500 22,000
Cc3 10 55-242 105 1,200
H 20 18-121 48 570
L 28 17-109 43 480
LL 11 36-298 70 740
E 9 54-780 260 3,000
Calcium=-poor achondrites
Ae 1 44 - 340
Ah 1 31 - 250
Au 2 13-46 27 290
Calcium=rich achondrites
Aho 3 40-66 56 490
Aeu 3 24-45 39 360
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being a calculated figure, arrived at by difference in
a classical chemical analysis ; the oxygen percentages
for individual meteorites given in table 84 have been
calculated on this basis. This procedure, of course,
throws all the errors and omissions of the analysis
onto the figure for oxygen. Wing (1964) and Vogt
and Ehmann (1965) directly measured oxygen in
stony meteorites by neutron-activation analysis.
Vogt and Ehmann’s work is the more extensive,
giving oxygen abundances for 39 meteorites, repre-
senting a total of 421 separate analyses; they esti-
mated the absolute accuracy as probably better than
+5 percent. Their results for different classes of
meteorites are summarized in table 18.

The state of combination of the oxygen presents
problems in interpreting analytical data on mete-
orites. The standard procedure is to allot the requi-
site amounts to form the standard oxides of those
elements more electropositive than iron, and then to
add the amount required to form FeO from the iron
not present as sulfide or nickel-iron. This procedure
is reasonably satisfactory for most classes of stony
and stony-iron meteorites, but may be unsatisfactory
for the carbonaceous chodrites (which contain or-
ganic compounds, ferric iron, and oxidized sulfur
compounds) and the enstatite chondrites (in which
some of the Si, Ca, Cr, Mn, Mg, and Ti may not be
present as oxidic compounds).

Taylor and others (1965) made an extensive
series of measurements of oxygen isotopes in stony
meteorites, and their results are summarized in

DATA OF GEOCHEMISTRY

figure 6. The common chondrites, the enstatite chon-
drites and enstatite achondrites, and the nakhlites
are isotopically very similar to their terrestrial coun-
terparts, the ultramafic igneous rocks, with § values
(relative to standard mean ocean water) about 5.7
per mil. Eucrites, howardites, diogenites, and meso-
siderites have 8§ values about 4.0 per mil. The § values
of the carbonaceous chondrites are highly variable,
showing a range of -2 to 412 per mil. The isotopic
relationships among coexisting minerals in mete-
orites follow the same pattern observed in terrestrial
rocks. In the eucrites and howardites, the small
differences between pyroxene and plagioclase imply
a high temperature of formation, consistent with a
magmatic origin for these meteorites.

Intriguing anomalies have been found in the oxy-
gen isotopic composition components of the Allende
meteorite (C3). Clayton, Grossman, and Moyeda
(1973) found that Ca,Al-rich chondrules and aggre-
gates are strongly depleted in 70 and %0; other
carbonaceous chondrites also show this feature.
These meteorites have lower 20/1% and 70/¢0
ratios than all other meteorites studied. The deple-
tion pattern is one in which 170 and 20 are equally
depleted, whereas chemical processes that produce a
1 percent increase or decrease in the 170/1%0 ratio
produce a 2 percent or decrease in the 180/10 ratio
(since chemical isotope effects are almost linearly
proportional to the relative mass difference of the
isotopes). This indicates that the depletion pattern
is the result of nuclear rather than chemical proc-

TABLE 17.—Nitrogen in iron meteorites
[From Gibson and Moore, 1971a. Median value for 123 meteorites equals 18 ppm nitrogen]

Structure Number Range Median
Group class analyzed (ppm) N (ppm) N
I Of f-Ogg 17 2-131 35
ITA H 11 4-26 15
IIB Ogg-0Oge 5 16-27 18
IIC Opl 3 11-16 14
IID Of-0m 2 32-44 38
IIIA Om-0g 33 2-80 25
ITIB 0f -Om 7 22-70 46
IVA of 13 2-34 4
IVB D 4 2-9 2
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TABLE 18.—Ouxygen in stony meteorites
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| From Vogt and Ehmann, 1965; only data from observed falls are used because finds have suffered terrestrial oxidation]

Class Number Range Mean Atoms/lOGSi
analyzed (weight percent) (weight percent)
Chondrites
Ccl 1 —-— 46.2 7,870,000
c2 3 42.0-43.8 43.2 5,790,000
C3 3 35.8-38.9 37.1 4,200,000
H 3 34.3-37.3 35.7 3,670,000
L 10 35.3-40.0 37.7 3,540,000
LL 1 38.4 - 3,590,000
E 2 27.0-31.6 29.3 2,860,000
Calcium-poor achondrites
Ae 2 47.3-48.0 47.7 3,020,000
Ah 1 47.7 —_— 3,400,000
Calcium-rich achondrites
Aeu 1 42.4 -— 3,260,000
esses; Clayton, Grossman, and Mayeda interpreted
it as resulting from the admixture of a component
] T T Tt T T T T T 1 of almost pure 0. They suggested that this compo-
m Orgueil-Type | — & | nent may predate the solar system and may repre-
3 & Al Rais 1 2 sent interstellar dust with a separate history of
o2 pe il bl ' .
8T Murray | — nucleosynthesis
55 . These investigations of variations in oxygen iso-
g% yid:::‘o Tvoe I o i tope ratios have been extended to all classes of mete-
Fe?ix P 1 . orites (Clayton and others, 1976). On the basis of
v the data obtained, they presented a classification
. of meteorites into six categories: (1) H chondrites;
g'c‘;;g;rites, = (2) L and LL chondrites; (8) anhydrous minerals
of C chondrites; (4) hydrous matrix minerals of C2
Group I (28) chondrites; (5) ureilites; (6) stony-irons, achon-
(chondrites) drites other than ureilites, and E chondrites (this
0-Olivine 1-Whole lrock L | group also including terrestrial and lunar rocks).
|

-4 -2 0 2 4 6 8 10 12
5'%0 (PER MIL) IN WHOLE ROCK

FIGURE 6.—Graphical comparison of *0/*0 analyses of whole-
rock samples and olivines from carbonaceaus chondrites
with whole-rock analyses of other meteorites. Reprinted
from Taylor and others (1965) and published with per-
mission.

They believe that meteorites of one category can-
not be derived by fractionation or differentiation
from the source materials of any other category.

FLUORINE

Data on the abundance of fluorine are rather
sparse, and the accuracy of many of the data is
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questionable. This is illustrated in table 19, where
results obtained by different investigators from the
same meteorite are compared. Greenland and Lover-
ing (1965) used emission spectrography; Reed
(1964) and Fisher (1963) used different neutron-
activation techniques; Goldberg and others (1974)
used a proton-activation technique; Sen Gupta
(1968b) used a spectrophotometric procedure; and
Allen and Clark (1977) used a proton activation
technique. Reed determined fluorine in the rock
standards G-1 and W-1 by his technique and ob-
tained 1,124 ppm and 490 ppm respectively; these
figures are considerably higher than the current
recommended values (700 ppm and 250 ppm), sug-
gesting that his meteorite results may be con-
sistently too high. Therefore, the data provided in
table 20 on the average content of fluorine in stony
meteorites must be interpreted with caution. How-
ever, there is a moderate diminution in fluorine con-
centration from C1 through C3 carbonaceous chon-
drites to the H, L, LL chondrites is evident; ensta-
tite chondrites are relatively enriched in F. The an-
chondrites are depleted in fluorine relative to the
chondrites, especially the calcium-poor achondrites
(aubrites and diogenites).

Little is known about the distribution of fluorine
in meteorites. Meteoritic apatite is chlorapatite that
has a minor F content (0.4 percent), according to
Van Schmus and Ribbe (1969). If all the phosphorus
in a chondrite is present as apatite, this mineral
would amount to 0.6 percent, and thus contribute 24
ppm F to the meteorite; this is clearly insufficient to
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account for even the minimum recorded fluorine con-
tent. Trace amounts of amphibole are an intriguing
possibility. Olsen and others (1978) discovered trace
amounts of fluor-richterite (4.6 percent F) in the
Abee enstatite chondrite. Reference to table 19
shows that this meteorite has the highest F content
of those analyzed by Greenland and Lovering (1965).
Allen and Clark (1977) noted a correlation between
F and Al in meteorite minerals, and suggested there-
fore that F may be enriched in the plagioclase.

SODIUM

Sodium is determined as a matter of course in
most analyses of stony meteorites, but many of these
determinations, especially in older analyses, are un-
reliable. Schmitt and others (1972) made an exten-
sive series of instrumental neutron activation analy-
ses for sodium in meteorites, and their results are
summarized in table 21. For the common chondrites
(H, L, LL), sodium abundances are very uniform.
Eugene Jarosewich of the Smithsonian Institution
has analyzed a large number of chondrites since
1965, and for sodium (analyzed by flame photom-
etry) he reported (written commun., 1976) as fol-
lows (class, number analyzed, range and mean
(weight percent)): H(17), 0.61-0.70, 0.62; L(23),
0.66-0.78, 0.71; LL(4), 0.70-0.74, 0.72. His results
show less variability and slightly higher means than
those of Schmitt and others (1972) ; the higher vari-
ability in the results of Schmitt and others can prob-
ably be ascribed to their use in some instances of

TABLE 19.—Comparison of fluorine determinations in chondrites

|In parts per million. 1. Greenland and Lovering, 1965; 2. Reed, 1964 ; 3. Fisher, 1963; 4. Goldberg and others, 1974; 5. Sen Gupta, 1968b;
6. Allen and Clark, 1977]

Meteorite 1 2 3 4 5 6
Orgueil(C1l) 190 206 405 74 - -
Mighei(C2) - - 220 66 - -
Abee(E4) 280 228 - - 275 -
Indarch(E4) 220 246 136 - - -
Hvittis(E6) 250 122 - - - -
Allegan(H5) 170 114 - - - 32
Holbrook(L6) 130 - 189 - ] - 43
Moes(L6) 160 119 147 - - -
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very small samples (<100 mg) that may not have
been representative. The relative constancy of
sodium content is consistent with the relative con-
stancy in the amount (~10 percent) and composi-
tion (An,,,.) of chondrite plagioclase. This mineral
(or maskelynite, its glassy equivalent) contains es-
sentially all the sodium in these meteorites.

Carbonaceous chondrites have more variable
sodium contents than the common chondrites. The
C1 and C2 chondrites contain no feldspar, and the
state of combination of the sodium is not well under-
stood. Jarosewich (written commun., 1976) has
found that practically all the sodium in Orgueil (C1)
and about half that in Murchison (C2) is water solu-
ble (probably as sulfate). Sodium also appears to be
very irregularly distributed in some of these mete-
orites; Fuchs, Olsen, and Jensen (1973) analyzed
gseparate fragments from five different pieces of
Murchison and found that the Na.O content ranged
from 0.19 percent to 0.71 percent. The C3 chondrites
contain plagioclase, but it is usually close to anorthite
in composition, and most of the sodium must be in
other minerals; the Allende meteorite contains both
nepheline and sodalite.

The sodium content of enstatite chondrites is com-
parable to that of the common chondrites. Van
Schmus and Ribbe (1968) showed that the plagio-
clase in enstatite chondrites is slightly more ecalcic
(An,;) than that in the common chondrites (An,,.).
Moss and others (1967) detected sodium in the sul-
fide phases of several enstatite chondrites, demon-
strating that this element shows chalcophile tend-
encies in a highly reducing and sulfide-rich para-
genesis.

Achondrites have variable sodium contents, gen-
erally considerably lower than in the chondrites.
Schaudy, Kiesl, and Hecht (1967) analyzed two irons
and found the sodium content to be less than 10
ppm.

MAGNESIUM

Magnesium is a major element in all classes of
stony and stony-iron meteorites, and as a conse-
quence the abundance data are very extensive. Von
Michaelis, Ahrens, and Willis (1969) pointed out that
the older data on chondrites summarized by Urey
and Craig (1953) show a greater spread of values
than more recent analyses, indicating an improve-
ment in overall quality in recent years. The figures
presented in table 22 are derived as far as possible
from recent analyses of observed falls.

The data for the chondrites show that the Mg/Si

METEORITES B29
ratio (atomic) is fairly uniform at 0.934-0.965 for
the common (H, L, LL) chondrites, although the dif-
ference between the L and LL groups on the one
hand and the H group on the other is probably
greater than the experimental error, and hence may
be significant (Ahrens, 1970). The differences be-
tween the common chondrites and the carbonaceous
and enstatite chondrites are considerably larger than
those within the common chondrites. The Mg/Si
ratio for the carbonaceous chondrites is consistently
slightly greater than unity, whereas for the enstatite
chondrites this ratio is considerably less than unity
and notably lower than for the common chondrites.
The difference between the Type I and Type II
enstatite chondrites is also significant. The range of
values of Mg/Si ratios for the enstatite chondrites
is considerably wider than for the other classes of
chondrites.

The differences between the Mg/Si ratios for the
different classes of chondrites were first pointed out
by Urey (1961), and were further discussed by
Ahrens (1964). These differences are illustrated in
a simple plot of weight percent SiO, against weight
percent MgO (fig. 7). The significance of this frac-
tionation remains to be fully elucidated. The close ap-
proach to unity of the Mg/Si ratio for the carbona-
ceous and the common chondrites is consistent with
their derivation from relatively unfractioned ma-
terial that still retained the Mg/Si ratio established
by nucleosynthesis. The fractionation shown by the
enstatite chondrites may be related to the high de-
gree of reduction shown by these meteorites, one of
the features being the presence of elemental silicon
in solid solution in their metal phase. Magnesium
is not reduced to the elemental state in any class of
meteorites. Thus, the enstatite chondrites may act-
ually be enriched in silicon (incorporated in the metal
phase) rather than depleted in magnesium, relative
to the common and carbonaceous chondrites.

The calcium-poor achondrites show a considerable
range of Mg/Si ratios. Since the enstatite achon-
drites consist almost entirely of enstatite, MgSiO,,
this ratio should be close to unity; the exact figure
in the table is coincidental owing to the balancing of
the contribution of magnesium and silicon by minor
minerals such as plagioclase and forsterite. The
lower Mg/Si ratio for the hypersthene achondrites
results from the introduction of ferrous iron partly
replacing magnesium in the pyroxene. The chas-
signite and the ureilites show an enhancement of the
Mg/Si ratio because of their high content of olivine,
(Mg, Fe),Si0,.

The calcium-rich achondrites are notably depleted
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FIGURE 7.—Si0, plotted against MgO (weight percentages)
for chemical analyses of chondrites; the diagonal lines are
for Si/Mg atomic ratios of 1.0 and 1.1. A is the field for
36 analyses of bronzite (H) chondrites, B the field for 68
analyses of hypersthene (L and LL) chondrites, the black
squares being the means for each group. The analyses of
carbonaceous chondrites (1-23) and enstatite chondrites
(24-34) are plotted individually. Reprinted from Mason
1967b) and published with permission.

in magnesium relative to the chondrites. The
howardites and the eucrites form a sequence in which
the silicon and ferrous iron contents remain prac-
tically constant and the magnesium content de-
creases (fig. 3), hence the marked diminution in the
Mg/Si ratio. Among the stony-irons, the meso-
siderite silicates are essentially similar to those in
the howardites, hence the similarity in Mg/Si ratios
between these two classes. The silicate material in
the pallasites is magnesium-rich olivine, hence the
Mg/Si ratio is much higher than in other classes of
meteorites and approaches 2:1.
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Magnesium is usually considered to be entirely
lithophilic in character; however, in the extremely
reduced and sulfide-rich enstatite chondrites, a small
amount of the total magnesium is present in solid
solution in alabandite, (Mn,Fe)S, or as niningerite,
(Mg,Fe)S. In most classes of meteorites the mag-
nesium is combined almost entirely in the minerals
olivine and (or) pyroxene. The C1 and C2 carbona-
ceous chondrites are unique in having much of their
magnesium present as the hydrated magnesium-iron
silicate serpentine (or related layer-lattice silicates) ;
Cl carbonaceous chondrites also contain notable
amounts of hydrated magnesium sulfate.

ALUMINUM

Aluminum is a minor constituent in all stony and
stony-iron meteorites (except the pallasites, in which
it is present in trace amounts only). It has therefore
been determined in all complete chemical analyses
of these meteorites. However, many of the data in
the literature are unreliable, because the accurate
determination of small amounts of aluminum (espe-
cially in the presence of much iron, as in meteorites)
is extremely difficult by standard wet-chemical proce-
dures. To obviate these difficulties, Loveland,
Schmitt, and Fisher (1969) applied neutron-activa-
tion analysis to the determination of this element in
some 120 stony meteorites, and their results are used
in table 23, along with selected data for a few classes
which they did not analyze.

Loveland, Schmitt, and Fisher reported that their
average aluminum abundances were lower, in gen-
eral, than those previously reported, and that the
individual determinations showed a much smaller
dispersion around the mean value for each class than
earlier determinations. For the common chondrites
(H, L, LL) they reported relative standard devia-
tions of 6 percent, 7 percent, and 6 respectively, con-
siderably less than earlier dispersion values of 25
percent, 28 percent, and 28 percent. Their low dis-
persion values indicate that, within specific chon-
drite classes, aluminum concentrations are remark-
ably uniform from one meteorite to another. This
has been confirmed by Von Michaelis, Ahrens, and
Willis (1969), who used X-ray fluorescence to analyze
for aluminum and other elements in 69 meteorites.

The data for the chondrites show that the Al/Si
ratio (atomic) is uniform at 0.061-0.062 for the com-
mon chondrites, whereas it is much greater for the
carbonaceous chondrites (average 0.087), and some-
what lower for the enstatite chondrites (0.048). The
lower ratio for the latter parallels a corresponding
diminution of the Mg/Si ratio from the common
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chondrites to the enstatite chondrites, and can prob-
ably be ascribed to an absolute enhancement of Si
in the enstatite chondrites. The higher Al/Si ratios
for the carbonaceous chondrites are significant. The
site of the aluminum in Cl1 and C2 chondrites is
poorly known, but it is probably combined in the ser-
pentine or other layer-lattice silicates that form the
matrix of these meteorites. The C3 chondrites con-
tain a variety of aluminum-rich minerals, the com-
monest being aluminous pyroxene, spinel (MgAlO,),
anorthite (CaAl,Si,O0;), and melilite (Ca,(Mg,Al)
(8i,Al).0;, which are rarely found in other classes
of chondrites. Loveland, Schmitt, and Fisher pointed
out that the Al/Na ratio increases progressively
from 1.42 to 2.40 to 3.29 through the C1, C2, C8 car-
bonaceous chondrites, whereas this ratio is very
uniform at about 1.45 in the ordinary chondrites.

DATA OF GEOCHEMISTRY

The calcium-poor achondrites are somewhat lower
in aluminum than the chondrites, especially the
enstatite achondrites and the ureilites; this can be
correlated with their lower content of plagioclase
feldspar. The calecium-rich achondrites (except the
nakhlite) are notably enriched in aluminum; in the
angrite this element is present in an aluminum-
rich pyroxene, and in the howardites and eucrites as
plagioclase.

Ahrens and others (1969) have pointed out that
for all the chondrite classes, and for the eucrites and
howardites, the Ca/Al ratio is remarkably uniform
at 1.00-1.19 (by weight), and averages 1.10.

As far as is known, aluminum is entirely lith-
ophilic in meteorites, and lacks chalcophilic or sider-
ophilic tendencies; Fisher (1969b) has shown by
activation analysis of 11 iron meteorites that they

TABLE 23.—Aluminum in stony meteorites
[Modified from Loveland and others, 1969 ; and additional data]

Class Number Range Mean Atoms/106Si
analyzed (weight percent) (weight percent)
Chondrites
Cl 3 0.80-.87 0.85 85,000
Cc2 7 .98-1.21 1.08 84,000
C3 7 1.27-1.64 1.37 92,000
H 15 .89-1.12 1.01 61,000
L 23 1.00-1.31 1.10 61,000
LL 13 1.07-1.20 1.12 62,000
E3,4 2 .71-.84 .79 48,000
E5,6 2 l76—-93 -85 48,000
Calcium=-poor achondrites
Ae 5 .10-1.40 .50 20,000
Ah 5 «27-1.04 .55 23,000
Ac 1 .19 - 17,000
Au 3 .17-.46 .30 16,000
Calcium-rich achondrites
Aa 1 4.62 - 233,000
An 1 .77 - 36,000
Aho 5 2.57-5.27 3.71 164,000




COSMOCHEMISTRY PART 1.

contain less than 10 ppm Al In most meteorites,
aluminum is present almost entirely in plagioclase
feldspar ; meteoritic pyroxenes [except in the angrite
and in Allende (C3)] contain only small amounts of
aluminum, and olivine only trace amounts. As men-
tioned above, C3 carbonaceous chondrites are note-
worthy for containing aluminum-rich minerals rarely
found in other meteorites.

SILICON

Silicon is a major element in stony and stony-iron
meteorites, in which it is present in the common
silicate minerals olivine, pyroxene, and plagioclase,
and some rarer species. The rare minerals perryite,
(Ni,Fe);(Si,P). and sinoite, Si,N.0O, are known as
minor constituents in a few enstatite chondrites (and
for perryite, in enstatite achondrites also). The con-
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centration and distribution of silicon in meteorites
has been thoroughly covered by C. B. Moore (in
Mason, 1971) ; a selection of his data is provided in
table 24.

Because of its high and relatively constant abun-
dance and the availability of high-quality analytical
data, silicon is extensively used as the basis for
comparison of atomic abundances in stony mete-
orites. Most of the lithophile elements show rela-
tively small variations with respect to the silicon
abundances, but careful evaluation of the data in-
dicates significant fractionation between chondrite
classes. The extent of Mg/Si fractionation is illus-
trated in figure 7. Ahrens and Von Michaelis (1968)
discussed the variation in the Mg/Si, Ca/Si, Al/Si,
and Ti/Si ratios between the different chondrite
classes.

TABLE 24.—Silicon in stony meteorites
[In weight percent. From C. B. Moore, in Mason, 1971 ; and additional data]

Class Number Range Mean
analyzed
Chondrites
Cl 3 907_1005 10'3
c2 9 12.7-13.7 13.1
C3 6 1409—1509 1505
H 36 1600‘1707 1701
L 68 17-8-1905 18.7 '
LL 12 18.1-19.3 18.8
EA 3 1506-1707 1606
E5 2 17.2-17.7 17.4
E6 6 1800-2005 1904
Calcium-poor achondrites
Ae 9 27.2-28.1 27.7
Ah 5 24.1-25.6 24.6
Ac 1 17.3 -
Au 3 1806—1906 1901
Calcium-rich achondrites
Aa 1 20.5 -———
An 1 2205 -
Aho 5 2300-24-2 2306
Aeu 11 22.5-23.2 22.8
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Silicon is an entirely lithophile element in most
meteorites, but in the highly reduced enstatite chon-
drites and enstatite achondrites minor amounts of
the element are present in the metal phase. Detailed
investigation of the enstatite chondrites by Keil
(1968) showed that the E4, E5, and E6 chondrites
have an average of 3.2 3.3, and 1.3 weight percent
silicon in their nickel-iron. Most iron meteorites con-
tain only trace amounts of silicon ; Moore (in Mason,
1971) reported that of 93 irons, 8 percent contained
more than 10 ppm, 10 percent contained 5-10 ppm,

DATA OF GEOCHEMISTRY

and 2 percent less than 5 ppm ; the median value was
3 ppm.

PHOSPHORUS

Phosphorus is a ubiquitous element in meteorites,
present in minor to trace amounts (tables 25 and 26).
Collections of analyses of chondrites, especially older
ones, show a considerable variability for this ele-
ment, which is negated by recent work ; the data of
Von Michaelis, Ahrens, and Willis (1969), reported

TABLE 25.—Phosphorus in stony meteorites
[From VonMichaelis and others, 1969 ; and additional data]

Class Number Range Mean Atoms/10%s1
analyzed (weight percent) (weight percent)
Chondrites
Cl 1 0.080 —-— 7,000
c2 3 .089-.093 0.091 6,200
C3 4 «102-,107 .105 6,400
H 12 «104-.113 .108 5,800
L 20 .081-.112 .095 4,800
LL 4 «044-.13 .087 4,200
E4 2 .196-.209 .203 11,200
E5 1 .193 ——- 10, 200
E6 4 .105-.134 117 5,600
Calcium~poor achondrites
Ae 1 0.008 — 290
Ah 4 .001-.006 .003 110
Ac 1 .018 —_— 940
Au 4 .030-.040 .034 1,600
Calcium~rich achondrites
Aa 1 0.057 - 2,500
An 1 .054 - 2,200
Aho 5 .017-,039 024 920
Aeu 11 .016-.048 .037 1,500
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in table 25, show that within individual chondrite
classes the variability is quite small. Achondrites,
especially the calcium-poor achondrites, are notably
depleted in phosphorus relative to the chondrites;
the nonmetallic part of the mesosiderites appears to
be relatively enriched in this element.

Phosphorus is a significant constituent of iron
meteorites, but its true abundance is difficult to de-
termine. Much of the phosphorus is present as

schreibersite, (Fe,Ni).P, frequently as macroscopic:

inclusions; when an iron meteorite is sampled for
analysis these inclusions are usually avoided, so the
analyses are not representative of the whole mete-
orite but only of the metallic component (and micro-
scopic inclusions). This selectivity is reflected by the
data in table 26. The amount and size of schreibersite
inclusions depend on both the bulk phosphorus con-
tent and the cooling history, since most if not all
schreilbersite in iron meteorites has formed by solid-
state diffusion during cooling. Doan and Goldstein
(1969) showed that the phosphorus solubility in «
(kamacite) and y (taenite) nickel-iron decreases
from 2.7 and 1.4 weight percent at 1,000°C to 0.25
and 0.08 weight percent at 550°C ; the exsolved phos-
phorus combines with nickel and iron to form
schreibersite. Doan and Goldstein estimated the total
amount of phophorus in a number of iron meteorites
from measurements of the percentage of screibersite,
and obtained a range of 0.50-1.3 percent P.
Besides schreibersite, the common phosphorus
minerals of meteorites are chlorapatite, Ca; (PO,);Cl,
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and merrillite, Ca,MgNa (PO,).. Merrillite has been
generally identified with the terrestrial mineral
whitlockite, but Prewitt and Rothbard (1975) pro-
duced evidence indicating that the two minerals are
distinct but closely related species, being composi-
tional and structural variants of g-Ca;(PO,).. Mer-
rillite and chlorapatite commonly occur together in
stony meteorites, and their relative amounts are
probably controlled by the available chlorine. The
state of combination of phophorus in carbonaceous
chondrites is not well known. In the common chon-
drites, phosphorus is present as merrillite and
chlorapatite ; schreibersite is absent or present only
in traces, and the metal is essentially phosphorus
free (<45 ppm in five chondrites, according to Reed
(1969)). The enstatite chondrites contain no phos-
phates, the phosphorus being present as schreiber-
gite and in solid solution in the nickel-iron (Keil,
1968). Some iron meteorites contain assemblages of
schreibersite and phosphate minerals, and Olsen and
Fuchs (1967) deduced that these metallic meteorites
represent approximately the same degree of oxida-
tion as the ordinary chondrites; the enstatite chon-

_drites clearly are much more highly reduced.

Ahrens (1970) pointed out that phosphorus shows
a slight but consistent enrichment in H chondrites
relative to L chondrites, and noted that this indi-
cated a positive Fe-P correlation, which also applied
to the E chondrites. He commented, “Perhaps P was
associated with Fe in the early stages of the forma-
tion of the common chondrites and later events,

TABLE 26.—Phosphorus in iron meteorites
[In weight percent. From Moore, Lewis, and Nava, 1969]

Meteorite Number Range Mean
group analyzed
ITA 7 0.39-0.46 0.44
IIB 2 «18-.24 .21
I 6 «15-434 .20
IIIA 13 «09-.36 .15
IIIB 2 «20-.63 41
ITITIAB 2 «51=452 «52
IVA 10 " +02-.16 .05
IVB 2 «04-.10 .05
IIC 1 —_— .30
I1D 2 «61=.65 .63
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whatever they may be, produced minerals in which
P was associated with oxygen” (p. 346). The fact
that achondrites, which are almost or entirely metal
free, are relatively depleted in phosphorus, and meso-
siderites, which contain large amounts of metal, are
relatively enriched in this element, further supports
Ahrens’ concept. Fuchs (1969) noted that the phos-
phate minerals in the mesosiderites are closely as-
sociated with the metal phase, and suggested that
they originated by reaction of phosphorus in solid
solution in the metal with the silicate minerals.
These observations suggest that phosphorus was
taken up originally in solid solution in nickel-iron,
and was redistributed during later reequilibration.

SULFUR

Sulfur is ubiquitous in meteorites, most of it oc-
curring as troilite (FeS), although a considerable

DATA OF GEOCHEMISTRY

variety of sulfide minerals is known from them. In
C1 and C2 carbonaceous chondrites this element is
mainly present as free sulfur and inorganic sulfates,
with small amounts of organic sulfur compounds; in
C8 carbonaceous chondrites pentlandite, (Ni,Fe),Ss,
is an important sulfide phase. Troilite is the principal
sulfide in the enstatite chondrites and enstatite
achondrites, but these meteorites may contain a va-
riety of unusual sulfides, such as oldhamite, CaS;

niningerite, (Mg,Fe)S; alabandite, (Mn,Fe)S;
daubreelite, FeCr.S,; sphalerite, (Zn,Fe)S; djer-
fisherite, K;CuFe,,S,,, and heideite, (Fe,Cr),,.
(Ti,Fe).S,.

The data in table 27 show marked depletion of
sulfur in the sequence C1-C2-C3-ordinary chon-
drites; a similar depletion is evident in the se-
quence E4-E5-E6 chondrites. For the ordinary chon-
drites the range in values for individual analyses

TABLE 27.—Sulfur in stony meteorites
[From C. B. Moore in Mason, 1971 ; and additional data]

Class Number Range Yean Atoms/lO6Si
analyzed (weight percent) (weight percent)
Chondrites
cl 5 5.01-6.70 5.90 502,000
C2 9 2.80-5.44 3.42 229,000
c3 9 1.31-2.66 2.19 124,000
H 87 1.30-2.64 2.00 102,000
L 110 1.73=2.74 2.22 104,000
LL 32 1.08-5.47 2.34 109,000
E4 3 5.65-6.,12 5.85 301,000
E5 2 5.50-5.82 5.66 283,000
E6 6 2.62-4.44 3.32 149,000
Calcium=-poor achondrites
Ae 3 .14-.70 o45 14,000
Au 4 «19-.63 .50 23,000
Calcium=-rich achondrites
Aa 1 .46 - 20,000
Aho 6 «25-.40 «34 13,000
Aeu 5 .02-.26 .13 4,900
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may be largely due to analytical error and inadequate
sampling ; however, the mean values are probably
good approximations, although inadequate to tell
whether the small difference between H and L, LL
means is significant.

Achondrites contain considerably less sulfur than
the chondrites. The figures for sulfur in pallasites
and mesosiderites range widely, because of both
heterogeneous distribution of sulfide minerals and
sampling problems; no attempt has been made to
derive means for these meteorites.

Moore, Lewis, and Nava (1969) determined sulfur
in 93 different iron meteorites (the samples selected
to avoid visible inclusions of troilite) and found a
range of 0.001-0.50 percent. Most figures are be-
tween 0.001 and 0.01 percent, and the median is
0.004 percent. This is a measure of the solubility of
sulfur in the metal phase. The sulfur content in
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iron meteorites is best determined by planimetric
analysis of large slices; determinations by Buch-
wald (1975) on 64 irons gave sulfur contents rang-
ing from 0.02 to 5.0 percent, with two exceptionally
S-rich meteorites, Mundrabilla (8 percent) and
Soroti (12 percent).

The isotopic composition of sulfur in meteoritic
troilite is remarkably uniform, the S32/33¢ ratio being
22.22. Kaplan and Hulston (1966) studied the iso-
topic composition of sulfur in compounds from car-
bonaceous chondrites and found a variation from
+2.5 to —5.5 parts per thousand for the 8S3¢ content
with respect to troilite.

CHLORINE (17)

The chlorine content of stony meteorites (table 28)
has been studied by a number of investigators, and
the results have been collated and discussed by G. W.

TABLE 28.—Chlorine in stony meteorites
[From G. W. Reed, in Mason, 1971]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites

C1 2 720-840 773 5,700

c2 2 190-510 335 2,050

C3 2 260-288 273 1,350

H 24 7-210 80 370 '

L 8 27-212 76 320

LL 2 121-131 126 530

E4 2 570-750 660 3,150

E5 1 210 -— 960

E6 3 160-250 210 860
Calcium-poor achondrites

Ae 1 3.8 - 12

Ah 1 13 —_— 41

Au 1 35 -— 150
Calcium=-rich achondrites

Aeu 3 8-34.5 20 69
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Reed, in Mason (1971). The results are rather
sparse, sometimes conflicting, and difficult to inter-
pret. Great variations are found in different samples
of the same meteorite; for example, six samples of
the Bruderheim chondrite measured by Goles, Green-
land, and Jérome (1967) gave figures from 66 ppm
to 130 ppm, and six samples of the same meteorite
measured by Reed and Allen (1966) gave figures
from 2.5 ppm to 50.0 ppm. The widely varying re-
sults suggest an inhomogeneous distribution of
chlorine within the meteorites. Reed and Allen found
that considerable amounts of the chlorine in enstatite
and carbonaceous chondrites were leachable in hot
water, whereas little was leachable from the or-
dinary chondrites. Clorapatite is an accessory min-
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eral in the ordinary chondrites, and the amount of
P.O; shown by analyses is more than sufficient to
bind all chlorine as this mineral. Lawrencite,
(Fe,Ni)Cl,, may account for some of the chlorine;
although its validity as a meteorite mineral has been
questioned, most recently by Buchwald (1975), its
presence is suggested by the rapid rusting of grains
of nickel-iron in some freshly fallen chondrites. Keil
(1968) has presented evidence, including microprobe
data, for the occurrence of lawrencite as a primary
mineral in enstatite chondrites. Lawrencite would
account for the small amounts of water-soluble
chloride found by Reed and Allen in the ordinary
chondrites, and possibly for the larger amounts in
carbonaceous and enstatite chondrites. Fuchs (1966)

TABLE 29.—Potassium in stony meteorites
[From Edwards, 1955 ; Kirsten and others, 1963 ; and additional data]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
Cl 3 380-570 500 3,500
c2 10 270-490 370 2,000
C3 5 250-420 370 1,700
H 17 710-920 800 3,400
L 28 720-998 870 3,300
LL 5 855=950 910 3,500
E4 2 822-905 860 3,700
E5 1 757 —_— 3,200
E6 5 670-874 730 2,700
Calcium=-poor achondrites
Ae 5 70-550 330 860
Ah 5 3-80 29 85
Ac 1 270 -_— 1,100
Au 2 60-97 80 300
Calcium=-rich achondrites
Aa 1 12.9 — 45
An 1 810 —-— 2,600
Aho 7 165-470 290 910
Aeu 9 236-600 400 1,250
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described djerfisherite, a potassium copper iron sul-
fide, as an accessory mineral in some enstatite chon-
drites; the microprobe analyses show 1 percent Cl,
which Fuchs believed may be in the structure.
Sodalite, Na,Al;Si;0,,Cl, has been recorded as an
accessory mineral in the Allende (C3) chondrite.
Some of the chlorine in carbonaceous chondrites may
be present in organic compounds; Mueller (1953)
recorded 4.8 percent CI in the organic material ex-
tracted by solvents from Cold Bokkeveld.

Berkey and Fisher (1967) studied the abundance
and distribution of chlorine in irons. Chlorine con-
tent of finds is usually profoundly influenced by ter-
restrial weathering. In falls, they obtained figures
from <0.1 to 20 ppm; the chlorine is inhomoge-
neously distributed in the metal phase, being strong-
ly depleted in kamacite and being concentrated at
grain boundaries and around inclusions. Mason and
Graham (1970) measured chlorine in the metal
phases of the Modoc and St. Severin chondrites, ob-
taining 74 ppm and 52 ppm respectively; they sug-
gested that this was due to occluded lawrencite,

POTASSIUM

Potassium is present in trace to minor amounts in
meteorites, the concentration seldom exceeding 0.1
percent. On this account many of the older gravi-
metric analyses for this element are unreliable. The
data in table 29 are mostly taken from the analyses
of Edwards (1955), who used flame-spectrophotome-
try, and Kirsten, Krankowsky, and Zihringer
(1963), who used isotope dilution. The common chon-
drites show slightly increasing K contents in the
sequence H-L-LL, but in terms of atoms/10Si the
abundances are not significantly different, and are
equal to that in C1 chondrites. Carbonaceous chon-
drites show a marked diminution in K content in the
sequence C1-C2-C3, as do the enstatite chondrites to
a lesser degree in the sequence E4-E5-E6. The
achondrites are depleted in potassium relative to the
chondrites, especially the feldspar-free diogenites
and angrite. The data in table 29 omit some anoma-
lous figures for LL meteorites ; Kirsten, Krankowsky,
and Ziahringer (1963) recorded 199 ppm in Ensis-
heim, and Zihringer (1968) found a dark inclusion
in Krédhenberg with 1.2 percent K.

In most chondrites (and other stony meteorites),
the potassium is contained in plagioclase feldspar.
The potassium-iron silicate merrihueite was dis-
covered in the Mezo-Madaras (L3) chondrite, and
the potassium-magnesium silicate roedderite and
the complex potassium-bearing sulfide djerfisherite
are rare accessories in some enstatite chondrites.
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Small amounts of potassium feldspar have been re-
corded in silicate inclusions in iron meteorites.

CALCIUM

Calcium is a minor element in most classes of
stony and stony-iron meteorites, being present at
about the 1 percent level ; exceptions are the calcium-
rich achondrites and mesosiderites, which contain
considerably greater amounts, and the pallasites, in
which this element is present in trace amounts only.
Calcium is determined in all complete analyses of
these meteorites, so the data on this element in the
literature are very extensive; however, the quality
is not good, as has been demonstrated by Von
Michaelis, Ahrens, and Willis (1969). Classical wet-
chemical analysis for calcium at the 1 percent level,
especially in the presence of much magnesium (as in
meteorites), may produce poor results unless great
care is taken. An extensive series of X-ray fluo-
resence analyses by Nichiporuk and others (1967)
and Von Michaelis, Ahrens, and Willis has shown
very uniform calcium concentrations within the
specific chondrite classes; their results are extremely

. consistent, and those of Von Michaelis, Ahrens, and

Willis are used in table 30, except for the carbona-
ceous chondrites and the amphoterites (LL), for
which a broader cover of reliable analyses is obtain-
able from the literature.

The Ca/Si ratios are remarkably uniform and
distinctive for the three major groups of chondrites,
as follows: carbonaceous, 0.073; ordinary (hyper-
sthene, bronzite, amphoterite), 0.048; enstatite,
0.036. For the classes within these major groups the
differences in this ratio are small and probably not
significant. In the C3 chondrites the enrichment in
calcium is manifested by the presence of calcium-
rich minerals such as anorthite and melilite, not
found in other classes of chondrites.

The calcium-poor achondrites, as their name im-
plies, are notably depleted in calcium in relation to
the chondrites, whereas the caleium-rich achondrites
show a notable enrichment; the individual calcium
values for many meteorites in these groups are il-
lugtrated in figure 3. The two meteorites richest
in calcium are the angrite Angra dos Reis and the
nakhlite Nakhla; in both of these the calcium is
present as a calcium-rich pyroxene. In the other
meteorites of these groups most of the calcium is
present as calcic plagioclase. In the stony-irons, the
pallasites contain only traces of calcium, in solid
solution in olivine; the mesosiderite silicates re-
semble those of the howardites, and have comparable
calcium contents.
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Calcium is usually considered to be entirely litho-
philic in character; however, in the extremely re-
duced and sulfide-rich enstatite chondrites and en-
statite achondrites, some of the calcium is present
as the sulfide oldhamite. In the common chrondites
the calcium is distributed over a number of min-
erals—as the calcium phosphates chlorapatite and
(or) merrillite, as the pyroxene diopside, and in
solid solution in orthopyroxene and sodic plagioclase.
As mentioned above, the C3 chondrites are charac-
terized by the presence of some calcium-rich min-
erals; the distribution of calcium in the Cl and
C2 chondrites is not well known, but gypsum, calcite,
and dolomite have been recorded from some mete-
orites in these classes.
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SCANDIUM

Scandium is a dispersed trace element in stony
meteorites. A very extensive set of data has been
provided by Schmitt and others (1972), who anal-
yzed 180 stony meteorites by instrumental neutron-
activation analysis; their results are summarized in
table 31. The total range of variability over all
chondrite classes is small, and the atomic abundances
(effectively, Sc¢/Si ratios) are indistinguishable from
one another on a rigorous statistical basis. Abun-
dances in the calcium-poor achondrites are com-
parable with those in the chondrites; the calcium-
rich achondrites are notably enriched in this element
relative to the chondrites.

TABLE 30.—Calecium in stony meteorites
[From Von Michaelis and others, 1969 ; and additional data]

Class Number Range Mean Atoms/106Si
analyzed (weight percent) (weight percent)
Chondrites
cl 3 0.87-1.34 1.06 72,100
C2 9 1.11-1.63 1.34 71,900
Cc3 6 1.40-1.87 1.70 74,300
H 12 1.15-1.22 1.19 49,800
L 19 1.22-1.35 1.28 48,400
LL 9 1.07-1.43 1.25 46,400
E4 2 081—087 084 35,700
E6 5 «94-1.24 1.07 38,600
Calcium-poor achondrites
Ae 4 «47-1.16 .80 21,000
Al'l 5 052-1027 079 22,000
Ac 1 «54 ——— 22,000
Au 3 «31-0.97 .62 23,000
Calcium-rich achondrites
Aa 1 17.52 —-— 598,000
An 1 10.78 —— 336,000
Aho 5 2.94-5.76 4.16 124,000
Aeu 11 6.49-7.63 7.23 222,000
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In terrestrial rocks, scandium is enriched in
pyroxene, and this appears to be true of meteorites
also. The calcic pyroxenes of the calcium-rich achon-
drites evidently contain more scandium than the
orthopyroxenes of the calcium-poor achondrites.
The highest content in any meteorites is in Angra
dos Reis, which consists almost entirely of a titanian
fassaite. Most of the scandium in chondrites is
evidently present in the pyroxenes; Allen and Mason
(1973) recorded 96 ppm Sc in diopside and 12.1
ppm in orthopyroxene from the Modoc chondrite,
and relatively little in the other minerals.

TITANIUM

Titanjium is a minor element in stony and stony-
iron meteorites, usually in the range of 500-5,000
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ppm by weight. It is normally determined by stand-
ard colorimetric methods in complete analyses of
these meteorites, but was frequently omitted in
older analyses. Moore and Brown (1962), by spec-
trographical analysis of a large number of chon-
drites, found a rather constant titanium content.
For 19 bronzite chondrite falls, the mean was 620
ppm Ti, equivalent to 0.108 percent TiO,; for 23
hypersthene chondrite falls, the mean was 660 ppm
Ti, equivalent to 0.110 percent TiO,. These figures
are in agreement with recent wet-chemical analyses
of ordinary chondrites.

The data on titanium classes of stony meteorites
are summarized in table 32. These determinations
have been made by standard wet-chemical proced-
ures (usually colorimetric), except for the figures

TABLE 31.—Scandium in stony meteorites
[From Schmitt and others, 1972]

6
Class Number Range Mean Atoms/10°'Si
analyzed (ppm) (ppm)
Chondrites

C2 7 6-0“10-6 7-4 35

Cc3 9 5.8-14.0 9.1 36

H 46 5.0-11.6 7.6 28

L 50 5.4=-12.1 8.2 28 ,
LL 21 5.9-11.6 7.8 26

E4 2 6-2"705 607 25
E5,6 4 5.5-10.8 7.6 24

Calcium-poor achondrites

Ae 5 5.0“805 604 ].6

Ah 2 9.8-14 11.9 30

Ac 1 5.6 —_—— 20
Au 2 608"8-8 709 26

Calcium-rich achondrites

Aa 1 57 —— 170
An 2 47-53 49 140
Aho 8 15-26 20 53
Aeu 20 14-41 29 79
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for the bronzite and hypersthene chondrites, which
are spectrographic. This table shows a fairly uni-
form level of titanium in the chondrites at 2,000-
3,000 atoms/10%Si, although the data suggest a
moderate degree of enrichment in the C3 chondrites.
Titanium contents are somewhat lower in the cal-
cium-poor achondrites than in the chondrites, ex-
cept for the enstatite achondrites, which show a
marked depletion; in the latter meteorites, the ti-
tanium resides almost entirely in the troilite, which
is small in amount and irregularly distributed. The
calcium-rich achondrites show a marked enrichment
in titanium, both absolutely and relative to silicon.
The unique meteorite Angra dos Reis shows extreme
enrichment; this meteorite consists almost entirely
of a calcium-rich aluminous pyroxene, in which ti-
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tanium is present in atomic substitution, probably
as the component CaTiAl,O,. Among the stony-
irons, the pallasites are notably deficient in titanium,
because this element does not readily enter olivine,
the silicate mineral; the mesosiderites contain sili-
cates similar to the howardites, and the titanum con-
tent is comparable in these two classes,

In most meteorites, titanium is mainly lithophile,
but it also has moderate chalcophile affinity; in
enstatite chrondites and enstatite achondrites, how-
ever, it is almost completely chalcophile. Titanium is
considered to have little or no siderophile tendency,
and is seldom looked for in analyses of meteoritic
iron; A.A. Moss (oral commun., 1965) reported it to
be below the limit of detection (<5 ppm) in several
irons.

TABLE 32.—Titanium in stony meteorites
[From Mason, 1971 ; and additional data]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
Cl 3 400-450 430 2,400
C2 9 480-700 540 2,900
C3 6 600-1, 400 870 3,600
H 19 510-~780 620 2,100
L 23 460-810 660 2,100
LL 11 540-1,300 840 2,600
E4 3 400-800 570 2,000
E5,6 7 300-900 620 1,900
Calcium-poor achondrites
Ae A 160-480 340 750
Ah 5 340-720 460 1,100
Ac 1 400 — 1,350
Au 3 720-1,100 880 2,700
Calcium-rich achondrites
Aa 1 14,300 —_— 41,000
An 1 1,700 — 4,400
Aho 5 1,400-2,930 1,990 4,900
Aeu 11 1,000-5,880 3,820 9,800




COSMOCHEMISTRY PART 1. METEORITES

Titanium may be present in several phases in a
single meteorite. The only meteoritic minerals in
which this element is an essential constituent are
ilmenite (FeTiO;), rutile (TiO.), perovskite
(CaTi0;), rhonite (CaMg,TiAl,SiO,,), osbornite
(TiN), and heideite [(Fe,Cr),..)Ti,Fe),S,] Ilmen-
ite is not uncommon as an accessory mineral;
Ramdohr (1963, p. 2028) reported, “It was observed
in more than 50 percent of all the stony meteorites
examined. It appears to be absent in some of the
strongly reduced chondrites and in carbonaceous
chondrites. Usually it occurs in very small quantities,
only a few grains being found in sections of normal
size.”” Th ecomposition of meteoritic ilmenite is re-
ported by Snetsinger and Keil (1969). Rutile is a
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rare accessory mineral (in some meteorites as exso-
lution lamellae in ilmenite and chromite), in a few
chondrites and some mesosiderites (Buseck and
Keil, 1966). Osbornite was described many years
ago from the Bustee enstatite achondrite, and may
occur in other enstatite achondrites and enstatite
chondrites in trace amounts. Perovskite and rhonite
ocecur as accessory minerals in caleium-rich inclu-
sions in C3 chondrites, along with pyroxene contain-
ing up to 17.7 percent TiO, (Mason, 1974). However,
most of the titanium in meteorites is dispersed in
the more abundant minerals in substitution for the
major elements. Olivine contains little titanium,
probably in the 10-100 ppm range. Orthopyroxene
contains about 1,000 ppm (except for enstatite from

TABLE 33.—Vanadium in stony meteorites
{From Walter Nichiporuk in Mason, 1971; and additional data from Baedecker and Wasson, 1975, and Jérome, 1970}

Class Number Range Mean Atoms/lOGSi
analyzed (ppm) (ppm)
Chondrites
cl 1 41-57 49 254
Cc2 2 56-71 64 270
c3 6 50-117 88 312
H 32 44-88 61 196
L 49 45-94 65 193
LL 7 53-93 74 217
E4 3 56-58 57 189
E5 1 55 - 176
E6 4 64-80 68 193
Calcium-poor achondrites
Ae 4 14-21 17 34
Ah 3 133-260 180 393
Ac 1 50 - 159
Au 3 78=147 110 318
Calcium-rich achondrites
Aa 1 150 —_— 393
An 2 169-210 190 466
Aho 7 105-178 140 327
Aeu 9 84-115 95 230
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enstatite chondrites and enstatite achondrites, which
contains less than 100 ppm), whereas the clino-
pyroxenes diopside and pigeonite can take up con-
giderably larger amounts, usually up to about 5,000
ppm; the clinopyroxene from the Angra dos Reis
meteorite is exceptional with 15,000 ppm. Plagio-
clase may contain a little titanium, but no measure-
ments in meteoritic plagioclase have been reported;
in terrestrial plagioclase, the maximum appears to
be about 400 ppm. Chromite (FeCr,0,) is an ac-
cessory mineral in stony meteorites, usually in the
0.1-0.5 percent range, and it contains significant
amounts of titanium; in the common chondrites it
contains 2-4 percent TiO, (Snetsinger and others,
1967). In the enstatite chondrites and enstatite
achondrites, almost all the titanium is present in
solid solution in troilite; usually about 0.5 percent
is present in enstatite chondrites (Keil, 1968), but
as much as 4.1 percent was recorded in troilite from
the Norton County enstatite achondrite (Keil and
Fredriksson, 1963), and up to about 10 percent in
this mineral from the Khor Temiki enstatite achon-
drite (Keil, 1969). In the common chrondites Moss
and others (1967) found 192, 100, and 132 ppm Ti
in troilite from three hypersthene chondrites, and
398 ppm in troilite from a bronzite chondrite.
Titanium has not been recorded from other sulfide
minerals except daubreelite (FeCr.S,), in which
Keil (1968) found up to 1,500 ppm.

Titanium is clearly a dispersed element in stony
meteorites, but the major amount is probably con-
tained in the pyroxenes, except in the enstatite
chondrites and enstatite achondrites.

VANADIUM

Vanadium is a trace element in stony meteorites.
Its distribution has been discussed by Walter Nichi-
poruk (in Mason, 1971), and his summary of the
data is presented in table 33, supplemented by ad-
ditional determinations on enstatite chondrites by
Baedecker and Wasson (1975) and on achondrites
by Jérome (1970). Vanadium is unusual in showing
little fractionation between the different classes of
chondrites, and even between chondrites and achon-
drites, except for the enstatite achondrites, which are
considerably depleted in this element. Bunch, Keil,
and Snetsinger (1967) showed that in the ordinary
chondrites much of the vanadium is concentrated
in the chromite, which contains an average of 4,800
ppm V; most of the remainder is probably in the
pyroxenes (Mason and Graham, 1970). Meteoritic
ilmenite contains little V (<100 ppm, according to
Snetsinger and Keil, 1969). In the enstatite chon-
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drites, which contain no chromite, vanadium is
probably in a sulfide phase, most likely daubreelite
(FeCr.S,); Allen and Mason (1973) recorded
>0.1 percent V in sulfide in the Khairpur enstatite
chondrite. The depleted nature of the enstatite
achondrites may be ascribed to the small amount of
sulfide in these meteorites.

Vanadium has essentially no siderophile affinity;
Linn, Moore, and Schmitt (1968) analyzed five iron
meteorites and found less than 0.2 ppm in the metal
phase; coexisting troilite contained vanadium in con-
centrations ranging from 0.62 to 44.5 ppm.

CHROMIUM

Chromium is a minor constituent in most stony
meteorites and a trace constituent in irons. The
analytical data are very extensive. Schmitt, Linn,
and Wakita (1972) determined chromium in 120
stony meteorites by instrumental neutron-activa-
tion analysis, and their results are summarized in
table 34. Bunch and Olsen (1975) provided a com-
prehensive discussion of the geochemistry of chromi-
um in meteorites.

In most stony meteorites, chromium is present
partly as chromite and partly in atomic substitu-
tion in pyroxenes. The conditions governing this
partition are not well known. In ordinary chron-
drites, Mason and Graham (1970) recorded ~800
ppm in orthopyroxene and ~4,000 ppm in clino-
pyroxene; however, in the Shaw chondrite Fred-
riksson and Mason (1967) recorded 6,000 ppm in
orthopyroxene and 8,000 ppm in clinopyroxene, and
orthopyroxene in the Johnstown achondrite contains
5,600 ppm. The high Cr contents in the pyroxeneg in
Shaw and Johnstown may reflect unusually high
temperatures of equilibration. Olivine in meteorites
usually contains 300-500 ppm Cr, and troilite about
the same amount. The metal phase in chondrites
contains less than 100 ppm, except in the C2 and C3
chondrites, in which as much as 1.0 percent has
been recorded (Bunch and Olsen, 1975). Chromium
is thus lithophile in most stony meteorites, and has
little chalcophile or siderophile affinity. However, in
the highly reduced enstatite chondrites and enstatite
achrondites, chromium is present not as chromite
but as the sulfospinel daubreelite, FeCr.S,, and as
heideite, (Fe,Cr),,.(Ti,Fe).S,.

Chromium is generally in trace concentration in
the metal phase of iron meteorites. Lovering and
others (1957) measured this element in 88 irons and
found a range of <1-2,360 ppm and an average of
37 ppm; Smales, Mapper, and Fouché (1967) meas-
ured 66 irons and found a range of <5-2,441 ppm,
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with an average of 115 ppm. The averages tend to be
weighted by a few very high values: Tucson, 2,360 ;
Nedagolla, 2,441 ; and Clark County, 1,565 ppm. Some
of this chromium may be present as minute inclu-
sions of daubreelite or carlsbergite (CrN). Scott
(1972) plotted Cr versus Ni content for many irons,
and found a negative correlation for groups ITAB,
IIIAB, and IVA; groups 1IC, IIC, and IVB cluster
well on the Cr-Ni plot.

MANGANESE

Manganese is a minor element in stony meteorites,
and is always determined in a complete analysis.
Extensive series of measurements have been made
by spectrographic (Moore and Brown, 1962) and
neutron-activation analysis (Schmitt and others,
1972) ; the latter data have been used in the compila-

tion of table 35. Manganese shows a remarkably
small degree of variation between the different
classes of stony meteorites. Although of comparable
abundance to chromium, it differs from this element
in not occurring as specific manganese minerals, ex-
cept as alabandite, (Mn,Fe)S, in enstatite chondrites
and enstatite achondrites; in other chondrites most
of it is present in solid solution in olivine and pyrox-
enes, Mason and Graham (1970) recording ~3,000
ppm in olivine, ~3,000 ppm in orthopyroxene, and
~2,000 ppm in diopside. A small amount (~5,000
ppm) is contained in accessory chromite, and trace
amounts (~200 ppm) in troilite. The chief feature
of the meteorite geochemistry of manganese is the
very close coherence with ferrous iron, a consequence
of the similarity in ionic radius between Fe+*? and
Mn+2; this coherence extends to both lunar and ter-

TABLE 34.—Chromium in stony meteorites
[From Schmitt and others, 1972]

6

Class Number Range Mean Atoms/10°Si
analyzed (ppm) (ppm)
Chondrites
Cl 3 2,010-2,720 2,430 12,700
C2 7 2,830-3,770 3,070 12,400
Cc3 9 2,160-3,900 3,530 12,300
H 40 2,240 -4,410 3,430 10,900
L 47 3,000-4,900 3,780 10,900
LL 17 3,230-4,980 3,690 10,600
E4 2 3,050-3,240 3,210 10,100
E5,6 5 2,800-4,160 3,290 9,600
Calcium~poor achondrites
Ae 5 180-730 460 1,000
Ah 4 5,000-16,500 10,100 22,000
Ac 1 5,700 -—— 17,800
Au 2 4,430-5,060 4,890 13,800
Calcium-rich achondrites

Aa 1 1,700 - 4,500
An 2 1,580-1,820 1,680 4,000
Aho 7 2,720-5,380 4,470 10,200
Aeu 19 1,350-3,920 2,280 5,400
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restrial rocks, as illustrated by Laul and Schmitt
(1973).

Few data are available on manganese in the metal
phases of meteorites. Bauer and Schaudy (1970)
determined the contents of carefully selected metal
phases in 21 iron meteorites and found a range of
9.8-22 ppm.

IRON

Iron is a major element in all classes of meteorites
except the enstatite achondrites, and as a conse-
quence the abundance data are very extensive. The
standard procedures of analytical chemistry, when
carefully applied, give reliable results for total iron.
Von Michaelis, Ahrens, and Willis (1969) have
shown that the older data on chondrites summarized

by Urey and Craig (1953) show a greater spread
of values than more recent analyses, indicating an
improvement in overall quality in recent years. The
figures in table 86 are derived as far as possible
from recent analyses of observed falls.

As discussed in the introduction to this report,
the individual classes of chondrites can be distin-
guished by their total iron content, and by the rela-
tive proportion of iron in oxidic compounds (main-
ly ferromagnesian silicates) and in nickel-iron and
troilite (fig. 2). Urey and Craig (1953) utilized the
total iron content to divide the chondrites into H
(high-iron) and L (low-iron) groups. Bronzite chon-
drites are all H, averaging 27.6 percent, whereas
hypersthene chondrites are all L, averaging 21 per-
cent; the amphoterites are sometimes considered a

TABLE 35.—Manganese in stony meteorites
[From Schmitt and others, 1972]

Class Number Range Mean Atoms/lO6Si
analyzed (ppm) (ppm)
Chondrites
Cl 3 1,740-2,300 1,880 9,300
Cc2 7 1,540-1,740 1,630 6,200
Cc3 9 1,280-1,650 1,490 4,900
H 40 1,860-2,800 2,260 6,700
L 47 2,210-2,780 2,460 6,700
LL 17 2,330-2,830 2,560 7,000
E4 3 1,800-2,500 2,200 6,800
E5,6 5 1,480-2,540 1,790 5,000
Calcium-rich achondrites
Ae 5 830-2,550 1,400 2,800
Ah 5 3,570-4,390 3,990 8,300
Ac 1 4,100 _— 12,000
Au 2 2,860-2,910 2,890 7,700
Calcium-rich achondrites
Aa 1 700 —-_— 1,700
An 2 3,520-3,860 3,700 8,200
Aho 8 3,460-4,000 3,800 8,200
Aeu 20 2,440-5,810 4,000 9,000
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subclass of hypersthene chondrites, denoted LL, and
averaging 20.0 percent. Carbonaceous chondrites
seem to be all H, since on a volatile-free basis they
contain 25-27 percent, and their Fe/Si ratio is simi-
lar to or somewhat greater than that for the bron-
zite chondrites. Enstatite chondrites show a wide
range of total iron contents, and designation as H
or L types is of doubtful utility.

Urey (1961) pointed out the significance of the
Fe/Si ratio in chondrites, both for the recognition of
different classes and subclasses, and as an indica-
tion of chemical fractionations between different
classes. The data in table 36 show small but con-
sistent differences between the three types of carbon-
aceous chondrites, the Fe/Si ratio being 0.901 for
C1, 0.841 for C2, and 0.816 for C3. The latter figure
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is essentially identical with that for the bronzite
chondrites (0.812). The lower iron content of the
hypersthene chondrites and the amphoterites is re-
flected in the Fe/Si ratios of 0.577 and 0.536 re-
spectively. Enstatite chondrites show a wide range
of Fe/Si ratios, and those that are most iron-rich
have ratios slightly exceeding one.

The interpretation of this range of Fe/Si ratios
in terms of iron-silicate fractionation in the chon-
drites has been cogently discussed by Anders (1964).
He came to the following conclusions: (1) The
metal-silicate fractionation in chondrites involved
loss of metal from primordial matter with Fe/Si~
0.8-1.0. (2) At the time of fractionation, the ma-
terial had gone through a high-temperature stage
and contained individual metal and silicate grains.

TABLE 36.—Iron in stony meteorites
[From Mason, 1971 ; and additional data]

Class Number Range YMean Atoms106Si
analyzed (weight percent) (weight percent)
Chondrites
cl 3 17.76-19.01 18.40 901,000
c2 9 20.85-23.78 21.90 841,000
C3 6 24.04-25.94 25.15 816,000
H 36 24.57-30.88 27.61 812,000
L 60 20.15-23.61 21.81 577,000
LL 13 18.56-21.30 20.03 536,000
E4,5 4 30.35-35.02 32.96 975,000
E6 5 22.17-29.03 25.46 657,000
Calcium—-poor achondrites
Ae 4 47-1.55 1.02 19,000
Ah 5 11.57-13.48 12.42 254,000
Ac 1 21.34 —_— 620,000
Au 3 11.31-16.40 14.45 381,000
Calcium-rich achondrites

Aa 1 7.45 —-— 182,000
An 1 16.04 — 359,000
Aho 5 11.92-14.02 13.22 282,000
Aeu 11 12.58-17.74 14.63 322,000
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(3) The fractionation probably occurred while the
material was in a dispersed state.

At the time Anders wrote, a serious objection to
his postulate of primordial matter with Fe/Si~
0.8-1.0 was the apparent low abundance of iron in
the Sun—Fe/Si=0.12, according to Goldberg, Miil-
ler, and Aller (1960). This seemed to require that
primordial matter was low in iron, and that high-
iron chondrites must have been enriched in this
element. However, this apparent impasse has been
resolved by a reevaluation of the spectrographic
data for the solar abundance of iron (Garz and
Kock, 1969). This reevaluation has led to an in-
crease in the figure for the solar abundance of iron
by a factor of ~10 compared to that given by Gold-
berg, Miiller, and Aller, the Fe/Si ratio now being
given as 1.0. Thus, it now appears that the high-
iron chondrites, specifically the C1 carbonaceous
chondrites, are closely akin to original solar mat-
ter.

Relative to the chondrites, all the achondrites (ex-
cept the unique chassignite) show marked deple-
tion in iron and correspondingly lower Fe/Si ratios.
To a considerable extent, this is due to marked im-
poverishment of these meteorites in nickel-iron and
troilite, which are present in very small amounts
(except in the ureilites). The enstatite achondrites
are extremely depleted; they consist essentially of
almost iron-free enstatite (MgSiO,).

The iron meteorites consist essentially of nickel-
iron, and minor to trace amounts of accessory
minerals such as troilite, schreibersite, and graphite.
Samples for analysis are generally selected to avoid
the accessory minerals as far as possible, and the
resulting data thus correspond more closely to the
metal phase than to the overall composition of the
meteorite. The metal phase is essentially a three-
component system Fe-Ni-Co; the cobalt content is
uniformly low, ranging from 0.3-1.0 percent, so
the iron and nickel contents are inversely related.
The range of iron content in iron meteorites can
thus be derived directly from a plot of nickel con-
tents (fig. 9).

Buddhue (1946) compiled the analytical data for
the different classes of iron meteorites, and calcu-
lated average compositions, after eliminating those
analyses that appeared unreliable. His results are
given in table 37.

In stony and stony-iron meteorites the principal
iron-bearing minerals are nickel-iron, troilite, and
the ferromagnesian silicates olivine and pyroxene.
Small amounts of the accessory minerals chromite
(FeCr,0,) and ilmenite (FeTiO,;) are usually
present. The C1 and C2 carbonaceous chondrites
are unique in having much of their iron present as
the hydrated magnesium-iron silicate serpentine (or
chlorite), and in having magnetite (Fe;0,) and
pentlandite ((Fe,Ni),Ss) as accessory minerals.

TABLE 37.—Mean iron content of individual classes of iron meteorites
[From Buddhue, 1946]

Class Number of meteorites Weight percent
Hx 34 93.59
Ogg 18 92.33
Og 34 91.22
Om 92 90.67
Of 37 90.53
Off 10 86.75
D 38 79.63
A1l irons! 327 89.70

1

Including metal in pallasites, mesosiderites, and chondrites; the
average for the metal from these groups is very close to the overall

average.



COSMOCHEMISTRY PART 1. METEORITES

COBALT

Cobalt is a ubiquitous element in meteorites, be-
ing present in amounts up to 1 percent in irons.
Schmitt and others (1972) made extensive measure-
ments by instrumental neutron-activation analysis
in most classes of stony meteorites, and their results,
along with some additional data, are reported in
table 88 The concentration of cobalt shows a
close correlation with the amount of metallic nickel-
iron in a meteorite; the distinction between H and L
(+LL) classes of chondrites is clearly seen, and the
low Co contents of the achondrites is related to their
low metal contents.
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Lovering and others (1957) found cobalt in 88
iron meteorites to range from 0.38 to 0.92 percent
with an average of 0.51 percent. Moore, Lewis, and
Nava (1969) analyzed 100 irons and found a range
of 0.32-1.02 percent. The relationship between cobalt
and nickel content of iron meteorites is illustrated
in figure 8. In the two metal phases of meteorites,
cobalt is concentrated in kamacite, which usually
contains two to five times as much Co as the asso-
ciated taenite.

Cobalt is a strongly siderophile element in mete-
orites, generally with little or no chalcophile or litho-
phile affinity. For example, in the Sikhote-Alin iron

TABLE 38.—Cobalt in stony meteorites

[From Schmitt and others, 1972; and additional data from Laul and others, 1972 ; Case and others, 1973; Binz, Kurimoto, and Lipschutz,
1974; Binz and others, 1975, 1976; and Baedecker and Wasson, 1975]

6

Class Number Range Mean Atoms/10°Si
analyzed (ppm) (ppm)
Chondrites
cl 3 460-550 480 2,200
c2 7 460-700 530 1,900
Cc3 9 480-740 620 1,900
H 46 440-1,260 820 2,300
L 50 290-870 570 1,450
LL 21 250-870 460 1,200
E4 2 810-870 860 2,400
E5,6 4 680-1,000 820 2,100
Calcium-poor achondrites
Ae 5 2.1-57 14 26
Ah 2 18-19 19 37
Ac 1 141 -—- 390
Au 6 65~172 112 280
Calcium-rich achondrites
Aa 1 20.4 - 47
An 2 43=-47 45 90
Aho 8 10-34 20 43
Aeu - 20 2-22 7 14
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Yavnel (1950) found 0.47 percent in the kamacite,
0.03 percent in the schreibersite, 0.01 percent in the
troilite, and 0.01 percent in the chromite. Mason and
Graham (1970) have shown that in stony meteorites
the metal phase contains up to 1 percent Co, whereas
the silicates (olivine, pyroxene, plagioclase) contain
1-50 ppm and the troilite 40-60 ppm. The C1 and C2
carbonaceous chondrites contain little or no free
metal, and the state of combination of the cobalt
is not known; in the C3 chondrites, Fuchs and Olsen
(1973) have found up to 6.9 percent in kamacite,
up to 2.0 percent in taenite, 0.8 percent in pentlan-
dite, brt less than 0.05 percent in troilite.
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FIGURE 8.—Co-Ni distribution in iron meteorites. Most
chemical groups are well resolved (as indicated by short-
dashed outlines), but they are scattered on either side of
the Co/Ni ratio for C1 chondrites (dashed line). In group
IIIAB, Co content correlates positively with Ni content.
Reprinted from Scott (1972) and published with per-
mission.

NICKEL

The extensive data on nickel in meteorites were
comprehensively reviewed by C.B. Moore, in Mason
(1971) ; the data for stony meteorites are sum-
marized in table 89. Nickel in chondrites shows a
fairly constant relationship to total iron, the ratio
Fe/Ni (atomic) ranging from 18 to 20. In the ordi-
nary (H, L, LL) chondrites, essentially all the nickel
is contained in the metal phase; the mean content of
metal in each of these classes, in weight percent, is:
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H,18.5; L, 7.4; LL, 2.6, and the nickel concentrations
reflect these metal contents. However, the nickel
concentration does not diminish proportionally with
the metal content. This was noted many years ago
by Prior (1916), who established certain chemical
and mineralogical regularities within the chondrites,
which have been codified as Prior s rules, as follows:

1. The smaller the amount of nickel-iron in a chon-
drite, the higher the Ni/Fe ratio in the nickel-
iron.

2. The smaller the amount of nickel-iron in a
chondrite, the higher the FeO/MgO ratio in the
ferromagnesian silicate minerals.

The carbonaceous chondrites contain little or no

nickel-iron. In the C1 and C2 chondrites most of the

nickel is probably contained in the layer-lattice sili-
cates that form the matrix of these meteorites; the

C3 chondrites contain a little metal, with up to 66

percent Ni, and pentlandite, with up to 19 percent

Ni (Fuchs and Olsen, 1973) —coexisting troilite con-

tains less than 0.05 percent Ni.

Most achondrites are practically metal free, and
nickel is then present only in trace amounts. Even
in the ureilites, which contain 3-6 percent nickel-
iron, the nickel content is only about 0.1 percent, a
notable depletion relative to chondritic abundances.

In the pallasites, which consist of approximately
equal amounts of nickel-iron and olivine, the nickel
content of the metal ranges from 7.9-16.4 percent,
with a mean of 10.5 percent, and the coexisting oli-
vine contains 40-70 ppm (Buseck and Goldstein,
1969).

The nickel content of iron meteorites is illustrated
in figure 9. The vast majority contain between 5
percent and 11 percent nickel. Those with the very
lowest nickel contents are hexahedrites made up
primarily of kamacite that has lost nickel to adja-
cent schreibersite [ (Fe,Ni) P] inclusions.

COPPER

Copper is a trace element in meteorites, being
present in irons usually at the 100-200 ppm level,
in chondrites at about 100 ppm, and being signifi-
cantly depleted in achondrites at about 1-20 ppm.
The data for the stony meteorites are summarized in
table 40. Some fractionation is evident between the
chondrite classes, the copper concentration decreas-
ing in the order C1-C2-C3— (H, L, LL).

Smales, Mapper, and Fouché (1967) reported on
copper in 67 irons and found a range of 74-360 ppm
(mean 172 ppm), with four exceptions (Hoba 1.3,
Nedagolla 1.5, Santa Catharina 850, San Cristobal
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1,016 ppm). Moore, Lewis, and Nava (1969) ob-
tained similar results in analyses of 70 irons: range
60-360 ppm, mean 170 ppm, with exceptions Dayton
(510 ppm), Tlacotepec (10 ppm), and Weaver Moun-
tains (10 ppm).

It is remarkable that, in spite of its low concen-
tration, copper generally occurs in meteorites as mi-
nute grains of native copper. Ramdohr (1973) re-
corded native copper in more than half of the 350
meteorites he examined, and noted that many of his
polished sections were so small that one of the rare
copper grains would not likely be exposed. He com-
mented: “The occurrence of copper is very surpris-
ing, because copper is rather soluble in the structure
of y—(Fe,Ni), and because taenite is always so plenti-
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ful that all the copper present ought to be dissolved
in it” (p. 26). Ramdohr noted that the native copper
is commonly found in taenite-rich plessite, which
suggests formation by exsolution at relatively low
temperatures during the very slow cooling that most
meteorites have undergone.

Hey and Easton (1968) studied the distribution of
copper in the different minerals of four chondrites,
with the following results in parts per million:
kamacite 22-65, taenite 1,610-2,610, troilite <1-114,
olivine 17.8-41.5, pyroxene 6.0~22.3; these data show
that most of the copper in these meteorites must re-
side in the taenite.

TABLE 39.—Nickel in stony meteorites
[From C. B. Moore in Mason, 1971 ; and additional data]

Class Number Range Mean Atoms/106Si
analyzed
Chondrites (weight percent)
cl 3 0.97-1.09 1.03 47,800
c2 10 1.17-1.34 1.23 44,900
c3 7 1.24-1.50 1.33 41,100
L 29 .98-1.57 1.27 32,500
LL 12 .68-1.28 .91 23,200
E4 3 1.66-1.95 1.81 52,200
E5 2 1.62-1.81 1.71 47,000
E6 6 1.11-1.96 1.53 37,700
Calcium=-poor achondrites (ppm)
Ae 3 80-270 190 330
Ah 4 5-90 33 64
Ac 1 C 475 -—— 1,310
Au 6 900-2,300 1,300 3,300
Calcium-rich achondrites (ppm)
Aa 1 40 - 93
An 1 990 -—- 2,100
Aho 6 8-88 48 97
Aeu 6 5-12 7 15
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F1cure 9.—Histogram of the nickel content of analyzed
iron meteorites, plotted at 0.25-percent Ni intervals. No
analyzed iron meteorite contains less than 5 percent Ni,
and only seven contain more than 20 percent; Dermbach
(42 percent) and Oktibbeha County (61 percent) lie
outside the histogram. Copyright © 1975 by the Regents
of the University of California; reprinted from Buch-
wald (1975) by permission of the University of Cali-
fornia Press. -

ZINC

The data on zine in meteorites have been compre-
hensively reviewed by C.B. Moore, in Mason (1971).
Zinc abundances in stony meteorites are summarized
in table 41. Zinc in chondrites is a strongly depleted
element in terms of the criteria of Anders (1971b) ;
the atomic ratio C1:C2:C3 is 1.00:0.48:0.26, and the
ordinary (H, L, LL) chondrites are more depleted
than the C3 class. Within the ordinary chondrites,
the different types (3, 4, 5, 6) show no significaut
fractionation of zinc (Binz and others, 1976). En-
statite chondrites show strong fractionation, with
E3, 4 meteorites having zine abundances comparable
to C1 chondrites, whereas E5, 6 meteorites average
even lower than the ordinary chondrites, although
the range is large. The achondrites, except for the
ureilites and nakhlites, are notably depleted in zine
relative to the chondrites.

Zinc abundances in stony meteorites are compar-
able to those of copper. However, in contrast to cop-
per, which is siderophile, zinc is lithophile in most
meteorites. Nishimura and Sandell (1964) showed
that in the ordinary chondrites very little zinc is
contained in the metal or troilite phases; it is dis-
tributed in subequal amounts in the acid-soluble
(olivine and phosphate) and acid-insoluble (pyro-
Xene, plagioclase, and chromite) fractions. In the
enstatite chondrites, on the contrary, most of the
zinc is in the sulfide phases. This is consistent with
mineralogical observations; enstatite chondrites con-
tain sphalerite and zincian daubreelite, (up to 5.5
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percent Zn (Keil, 1968), but these phases have not
been recorded from ordinary chondrites. Meteoritic
chromite may show considerable concentration of
zine, up to 2.31 percent ZnO (Bunch and others,
1970).

Zinc is present at very low concentration in the
metal phase of iron meteorites, except for group I
(table 42). The data confirm that zinc has little
or no siderophile affinity in meteorites; chromite,
sphalerite, and zincian daubreelite have been re-
corded from irons, and inclusions of these minerals
may contribute to the higher zinc values of some
iron meteorites.

GALLIUM

Gallium is a trace element in meteorites, seldom
exceeding 10 ppm in stony meteorites and 100 ppm
in irons. The data were assembled and evaluated by
P.A. Baedecker and J.T. Wasson, in Mason (1971),
and additional determinations since that time have
confirmed the earlier work. The information on
stony meteorites is summarized in table 43. Gallium
shows moderate depletion in the sequence C1-C2-
C3—ordinary chondrites, the relative atomic ratio
being 1.00:0.66:0.45:0.29. Enstatite chrondrites
have gallium abundances comparable to those in the
carbonaceous chondrites, and show moderate deple-
tion in the sequence E4-E5-E6. Ordinary chondrites
show no significant variation of gallium content be-
tween the different types (Case and others, 1973).
Achondrites are notably depleted in gallium relative
to the chrondrites.

Fouché and Smales (1967a) studied the distribu-
tion of gallium in 27 chondrites belonging to the H,
L, and E classes, by separating each into magnetic
(that is, metal-phase) and nonmagnetic fractions
and analyzing each fraction separately. The average
values in parts per million for the H chondrites are:
metal 11.3, nonmagnetic 3.8, bulk 5.3; for the L
chondrites: metal 11.4, nonmagnetic 5.3, bulk 5.6.
They found that in the enstatite chondrites prac-
tically all the gallium is in the metal phase. Moss and
others (1967) found 2.4-2.8 ppm in the silicate frac-
tion of four ordinary chondrites, and 2-9 ppm in the
sulfide fraction. These results were confirmed by Al-
len and Mason (1973), who also measured this ele-
ment in separated minerals; in the nonmetallic
phases gallium is notably concentrated in plagioclase
(up to 18 ppm) and chromite (up to 90 ppm). Gal-
lium is mainly siderophile in the ordinary chon-
drites, but does show chalcophile and lithophile af-
finities. Chou, Baedecker, and Wasson (1973) found
that metal/silicate concentration ratios for Ga and
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Ge were lower in type 8 ordinary chondrites than in
types 4-6; they commented: “Apparently appreci-
able fractions of these elements condensed from the
nebula in oxidized form and entered the metal
during later thermal events” (p. 2159).

The abundance of gallium in iron meteorites has
been extensively studied since Lovering and others
(1957) demonstrated a wide range in gallium con-
tents (<2-93 ppm) and a quantization into four
groups. This work has been greatly extended by Was-
son and his coworkers, and was comprehensively
discussed by Scott and Wasson (1975) ; their re-
sults are summarized in table 7 and figure 10. They
concluded that each of these discrete groups probably
formed in a separate parent body.

GERMANIUM

Germanium is almost exclusively siderophile in
meteorites, being present in the metal phases kama-
cite and taenite. The extensive data have been as-
sembled and discussed by P.A. Baedecker and J.T.
Wasson, in Mason (1971). On the whole, the data
from different investigators are remarkably con-
sistent. The information on stony meteorites is sum-
marized in table 44, largely from the results of
Fouché and Smales (1967a), with some additional
data. This table shows that Ge is strongly fraction-
between the different chondrite classes, being rela-
tively depleted in the sequence C1-C2-C3-H— (L,
LL) in the ratio (atomic) 1.00:0.57:0.39:0.25:0.15.
Enstatite chondrites have Ge concentrations com-

TABLE 40.—Copper in stony meteorites
[From Schmitt and others, 1972; and additional data from Laul and others, 1972 ; and Binz and others, 1974]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
Ccl 3 106-137 127 540
Cc2 7 90-129 116 390
Cc3 10 85-138 108 300
H 24 48-137 90 230
L 32 52-132 94 220
LL 15 60-107 80 190
E4 2 172-193 185 430 '
E5,6 4 87-202 110 260
Calcium-poor achondrites
Ae 5 1-24 13 22
Ah 1 7 -— : 13
Au 2 11-22 11 25
Calcium~-rich achondrites
Aa 1 10 - 22
An 2 307-500 404 8.6
Aho 5 .8-18.2 6.7 13
Aeu 7 09-805 3-0 508




B54

parable to those in C1 and C2 chondrites (Baedecker
and Wasson 1975). Data are very sparse for Ge in
achondrites, but the figures show extreme depletion,
as would be expected from the absence or near ab-
sence of nickel-iron in most of these meteorites.
(The ureilites analyzed contain as much as ~6 per-
cent nickel-iron, and the mean Ge content is similar
to that of the ordinary chondrites.)

Chou and Cohen (1973) and Chou, Baedecker, and
Wasson (1973) have studied the distribution of Ge
between metal and silicates in the different petro-
logic types (3, 4, 5, 6) of the ordinary chondrites.
They find that, as for Ga, the metal/silicate concen-
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tration ratio of Ge is lower in type 3 chondrites
than in types 4-6; they ascribe this to a redistribu-
tion of the element from oxidized to reduced form
during postcondensation thermal events.

Lovering and others (1957) discovered that ger-
manium shows a remarkable variation in iron mete-
orites, and, like gallium, the values are quantized
into discrete groups. This work has been greatly ex-
tended by Wasson and his coworkers, and was com-
prehensively reviewed by Scott and Wasson (1975) ;
their results are summarized in table 7 and figure
11. Table 7 shows a range of Ge content over the
different groups of iron meteorites from 0.03 to

TABLE 41.—Zinc in stony meteorites

[From C. B. Moore, in Mason, 1971; and additional data from Keays and others, 1971; Laul and others, 1972;
Laul and Schmitt, 1973 ; Case and others, 1973; Krahenbuhl and others, 1973; Binz and others, 1974, 1975;

and Rosman and de Laeter, 1974]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
Cl 3 295-310 303 1,260
c2 3 175-187 183 600
C3 6 105-130 120 330
H 8 28-89 51 130
L 15 8-102 58 130
LL 11 44-82 68 150
E3,4 4 90-519 400 1,040
E5,6 6 7.5=86 29 64
Calcium-poor achondrites
Ae 2 5-25 15 24
Ah 2 3-63 34 60
Au 6 35-280 186 420
Calcium—rich achondrites

Aa 1 2.1 —— IAA
An 2 42-71 57 110
Aho 5 .35-30 5.8 11
Aeu 7 078‘20 408 9-0
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TABLE 42.—Zinc in iron meteorites

[Data from Kelly and Moore, 1973, except for group I, which are from Smales, Mapper,
and Fouché, 1967]

Group Number Range Median
Analyzed

I 10 12-42 27

ITA 5 +34-1.5 o5
I1B 3 «25-.39 3
IIC 4 e23-2.2 .4
IID 5 2.1-3.7 2.9
ITIA 8 .40-2.8 .6
ITIB 4 1.2-2.1 1.5
IVA 5 .1-12 5
IVB 4 .45-16 2.5

520 ppm, but some anomalous irons contain even
higher concentrations ; one exceptional iron, Butler, a
finest octahedrite with 16 percent Ni, contains 2,000

ppm.

ARSENIC

Arsenic is a trace element in meteorites, in
amounts ranging up to about 30 ppm. The data have
been assembled and discussed by M.E. Lipschutz, in
Mason (1971), and are summarized in table 45.
Arsenic concentrations show relatively small varia-
tions between the different chondrite classes. The
H, L, LL classes show a consistent relationship be-
tween As and metal content, the As content diminish-
ing as the metal content decreases in the sequence
H-L-LL. Enstatite chondrites, which usually have
higher metal content than ordinary chondrites, also
show higher As concentrations; the high content for
the E5 chondrite, St. Marks, may be due to an un-
usually high metal content in the sample analyzed.
Data for achondrites are too sparse to be worth tabu-
lating; Winke and others (1972) recorded 0.092
ppm in the Kapoeta howardite and 0.18 ppm in the
Juvinas eucrite, thus showing strong depletion for
these meteorites relative to the -chondrites.

Onishi and Sandell (1955) claimed As to be both

siderophile and chalcophile in chondrites on the basis

of their analyses of As contents in separated metal,
sulfide, and silicate portions of two composites, each
consisting of 7 H and L group meteorites; their re-
sults in parts per million were 11, 8, 0.4 and 13,

11, 0.2 espectively. However, Fouché and Smales
(1967) found As in chondrites to be contained al-
most entirely in the metal phase, and this was con-
firmed by Mason and Graham (1970). The explana-
tion of this discrepancy perhaps lies in incomplete
separation of metal from sulfide in the material
analyzed by Onishi and Sandell.

Smales, Mapper, and Fouché (1967) determined
As in 67 irons and found a range from 0.43 to 30.7
ppm, with a mean of 8.8 ppm. Cobb (1967) analyzed
33 irons and found a range of <1-30 ppm, with a
mean of 9 ppm. Scott (1972) correlated these and
other data with Ni content (fig. 12).

SELENIUM

The data for selenium in meteorites have been
assembled and critically evaluated by I. Pelly and
M.E. Lipschutz, in Mason (1971). The information
in table 46 has been extracted from their compilation,
and additional data taken from other sources. Seleni-
um shows relative depletion in the sequence C1-C2~
C3—H, L, LL), the atomic ratio being 1.00:0.48:0.27:
0.24 ; the concentrations in enstatite chondrites are
comparable to those in C1 and C2 chondrites. Pelly
and Lipschutz pointed out that selenium concentra-
tions in chondrites are independent of petrologic
type, and that the Se/S ratio is relatively uniform
throughout. (For the different classes of chondrites
the atomic ratio Se/S ranges from 14X10% to 19X
103%.) Mason and Graham (1970) found that seleni-
um is concentrated in meteoritic troilite, and was not
detectable in other phases. Thus, selenium is entirely
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TABLE 48.—Gallium in stony meteorites
[From Baedecker and Wasson, in Mason, 1971; and additional data from Keays and others, 1971; Laul and others,
1972 ; Baedecker and Wasson, 1975 ; Case and others, 1973; Binz and others, 1974, 1975, and 1976; Chou,
Baedecker, and Wasson, 1973 and 1976a, b; Ikramuddin and Lipschutz, 1975; and Ikramuddin and others, 1876]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
Ccl 2 9.2-10.0 9.6 38
C2 2 8.1-8.2 8.2 25
Cc3 6 4.9-8.1 6.4 17
H 7 4.9-5.8 5.3 12
L 26 3.6-6.2 5.2 11
LL 5 2.9-6.0 4eb 10
E4 3 13.5~17.5 16.0 39
E5 1 14.9 - 35
E6 5 8.5-12.0 10.5 22

Calcium-poor achondrites

Ae 1 0-056 ——— 0008
Au 6 o95"5¢0 205 5-3

Calcium-rich achondrites

Aa 1 0.36 - 0.71
An 1 2.70 -— A
Aho 5 .72-1.34 1.08 1.8
Aeu 8 1.26-1.51 1.42 2.5
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FIGURE 10.—Logarithmic plot of Ga against Ni for iron
meteorites, showing quantization into the different groups.
Apart from IA and IIICD, the groups show very limited
ranges of Ga contents, less than =+ 20 percent about the
mean. IB is very sparsely populated with only eight
meteorites and is shown in short-dashed outline. About 14
percent of known iron meteorites are anomalous and are
not shown. The straight dashed line through groups IA,
IC, and ITIAB shows the Ga/Ni ratio for C1 chondrites.
Reprinted from Scott and Wasson (1975); copyrighted by
American Geophysical Union.

chaleophile in stony meteorites and is camouflaged
in troilite and other sulfur-bearing minerals. The
extreme depletion of Se in achondrites is due to the
paucity of troilite in these meteorites.

Relatively few data exist for Se in iron meteorites.
Seitner and others (1971) analyzed 10 irons, and
found an upper limit of 0.01 ppm in 6 of them.
Kiesl and Hecht (1969) analyzed troilite from three
irons, and found Se contents ranging from 128 to
300 ppm. These data confirm the highly chalcophile
character of this element.

BROMIME

The abundance of this element has been the sub-
ject of several investigations, but the results are
confusing and difficult to interpret. For example,
the following figures in parts per million have been
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FIGURE 11.—Logarithmic plot of Ge against Ni for iron
meteorites; note the similarity to figure 10. Most groups
except IAB and IICD show very small Ge variations in
comparison with the total range of more than four orders
of magnitude. Group IB is very sparsely populated with
only eight meteorites and is shown in short-dashed outline.
The straight dashed line through groups IIAB and IA is
the Ge/Ni ratio for C1 chondrites. Reprinted from Scott
and Wasson (1975) ; copyrighted by American Geophysical
Union.

published for Bruderheim, a hypersthene (L6) chon-
drite: 0.97, 1.56 (Wyttenbach and others, 1965) ;
0.05, 0.13, 0.20, 0.23, 0.24 (Reed and Allen, 1966) ;
0.18, 0.18, 0.15, 0.16, 0.11, 0.12 (Goles and others,
1967) ; 0.030, 0.026 (Lieberman and Ehmann, 1967).
If this spread in figures is not the result of experi-
mental error or of contamination, it indicates that
bromine is distributed very inhomogeneously with-
in this meteorite, and that sampling is a major
problem. Reed and Allen found that much of the
bromine in Bruderheim and other meteorites was
leachable in hot water.

The data in table 47 have been selected from the
compilation by G.W. Reed, in Mason (1971), and
additional information on C3 chondrites from An-
ders and others (1976), and on the achondrites
from Laul and others (1972). Bromine shows strong
relative depletion in the sequence C1-C2-C3-(H, L),
the atomic abunrdance ratios being 1.00:0.48:0.24 :-



B58 DATA OF GEOCHEMISTRY

TABLE 44.—Germanium in stony meteorites

[From Fouché and Smales, 1967 ; and additional data from Krahenbuhl and others, 1973; Chou and others, 1973 and 1976a,b;
Baedecker and Wasson, 1975 ; and Anders and others, 1976]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)

Chondrites

Ccl1 3 27.8-34.9 31.2 117
c2 3 19.6-24.9 22.8 67
C3 7 18-2-24.0 21.1 52
H 7 11-3—13o4 12.7 29
L 9 L.6-12.4 8.7 18
LL 4 6.9-11-6 8.4 17
E4 3 42-51 47 110
E5 1 45 ——— 100
E6 4 21=36 30 60
Calcium-poor achondrites
Ae 1 0.21 —-——— 0.29
Au 5 2.0-29.5 11 22
Calcium=-rich achondrites
An 1 2.6 - 45
Aho 1 .31 -——— .51
Aeu 1 <06 ——— .10

TABLE 45.—A7rsenic in chondritic meteorites -
[From M. E. Lipschutz, in Mason, 1971 ; and additional data from Case and others, 1973; and Binz and others, 1974 and 1976]

Class Number Range Mean Atoms/lO6Si
analyzed (ppm) (ppm)

Ccl1 2 1.6-2.0 1.7 6.2
c2 3 1.9-2.0 2.0 5.7
c3 5 1.5=-2.4 1.8 bab
H 6 2.5-3.3 2.6 5.7
L 10 «92-3.5 1.6 3.2
LL 4 1.1-1.3 1.2 2.4
E4 3 2.3-4.8 3.2 7.2
E5 1 5.5 ——— 12
E6 5 2.6-5.1 3.4 6.5
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TABLE 46.—Selenium in stony meteorites

B59

[From I. Z. Pelly and M. E. Lipschutz, in Mason, 1971; and additional data on carbonaceous chondrites from Krihenbiihl and others, 1973,
and Anders and others, 1976; on enstatite chondrites from Binz and others, 1974 ; on ureilites from Binz and others, 1975 ; and on other
achondrites from Laul and others, 1972]

Atoms/106Si

Class Number Range Mean
analyzed (ppm) (ppm)
Chondrites
Cl 3 19.1-21.1 19.5 67
Cc2 3 11.3-12.3 11.8 32
H 6 7.0-905 7!9 16
LL 8 5.6-14 10 19
E4 3 28-41 34 73
E5 1 30 - 62
E6 5 14-24 19 35
Calcium-poor achondrites
Ae 1 1.78-2.09 1.9 2.4
AU l’ ¢68-1-24 c92 107
Calcium-~rich achondrites
An 1 0.088 ——— 0.14
Aho 3 .118-.603 42 .63
Aeu 5 .078-.396 «25 .39
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FIGURE 12.—As-Ni distribution in iron meteorites. The dashed
line is the As/Ni ratio for C1 chondrites; group I and
ITIIC meteorites contain these elements in this ratio. In
groups I, ITIAB, IIIAB, and IVA, As content correlates
positively with Ni content. Short-dashed lines enclose
well-resolved groups. Reprinted from Scott (1972) and
published with permission.

0.24:0.04. Bromine also shows relative depletion
with petrologic type in ordinary chondrites; Keays,
Ganapathy, and Anders (1971) demonstrated a de-
crease of average Br concentrations of 3.1, 2.7, 0.50,
and 0.40 ppm in the sequence L3-L4-L5-L6. En-
statite chondrites have comparable abundances to
the carbonaceous chondrites.

No obvious correlation exists between bromine and
any of the major elements in meteorites. However,
as shown in table 47, the chondrites show a fairly
consistent Cl/Br relationship. Reed and Allen
(1966) found 40 ppm Br in chlorapatite from the
Mt. Sterling iron meteorite; this suggests that
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chlorapatite may be the principal host of bromine in
meteorites.

RUBIDIUM

A considerable number of rubidium determina-
tions have been made on stony meteorites, many
with a view to Rb—#*"Sr dating. The data have been
assembled and discussed by G.G. Goles, in Mason
(1971), and are summarized in table 48, along with
additional determinations. Rubidium shows a rather
narrow abundance range in chondrites, with some
exceptions, notably among the LL and E classes.
Three different samples of Soko-Banja (LL) gave
0.580, 4.880, and 0.515 ppm Rb (Gopalan and Weth-
erill, 1969) ; Krihenberg (LL) has light and dark
areas, and a light area contained 1.94 ppm and a
dark area 50.8 ppm Rb (Kempe and Miiller, 1969).
The low value of 0.8 ppm Rb in the E5 chondrite St.
Marks has been established by two independent
analyses (Gopalan and Wetherill, 1970; Laul and
others, 1978) . For most chondrites, the K/Rb weight
ratio is in the range 200-400.

Selective solution experiments on Abee (E4) and
Bruderheim (L6) chondrites by Shima and Honda
(1967) showed that Rb is contained almost entirely
in the HPF-soluble fraction, hence probably in
plagioclase. This was confirmed by Mason and Gra-
ham (1970), who found up to 28 ppm Rb in chon-
drite plagioclase. El Goresy (1967) identified some
grains of potassium feldspar in troilite nodules in
the Odessa iron, and found that they have remark-
ably high Rb contents, 0.2-0.6 percent; the K/Rb
ratio is of the order of 30, implying a high degree of
fractionation.

Rubidium, unlike lithium, sodium, and potassium,
appears to show little or no chalcophile affinity in
the enstatite chondrites.

STRONTIUM

The data on strontium in stony meteorites are
quite extensive, and have been assembled and dis-
cussed by K. Gopalan and G.W. Wetherill, in Mason
(1971) ; a selection of the data is provided in table
49. Strontium abundances show relatively small
variations between different chondrite classes; the
somewhat higher concentration in C3 chondrites is
linked with the higher calcium content of these
meteorites, frequently in the form of chondrules and
inclusions consisting largely of melilite and calic
pyroxene. Strontium in chondrites and many achon-
drites shows a close coherence with caleium, as can



COSMOCHEMISTRY PART 1. METEORITES B61

TABLE 47.—Bromine in stony meteorites
[From G. W. Reed, in Mason, 1971; and additional data from Anders and others, 1976; and Laul and others, 1972]

Class Number Range Mean Atoms/106Si Cl/Br
analyzed (ppm) (ppm) (atoms)

Chondrites

c2 3 .8-4.8 2.5 6.7 310
C3 7 .81-2.24 1.5 3.4 400
H 8 «14-.78 .26 «53 700
LL 3 .18-.87 .57 1.1 480
E4 2 1.8-6.5 3.9 8.3 380
E6 2 1.0-1.5 1.3 2.4 360
Calcium-poor achondrites
Ae 2 0.01-.28 0.14 0.18 67
Ah 1 011 - 016 260
Au 1 «55 —— 1.0 150
Calcium-rich achondrites
Aa 1 0041 - 0070 -———
An 1 b4 - .69 -
Aho 5 «04-.37 .13 .19 270
Aeu 6 .03-.29 .11 .17 410

1
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TABLE 48.—Rubidium in stony meteorites

[From G. G. Goles in Mason, 1971; and additional data from Keays and others, 1971; Laul and others, 1972 and 1973; Krihenbiihl and
others, 1973 ; Anders and others, 1976 ; and Higuchi and others, 1976]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)

Chondrites

Cl 3 1.42-2.33 1.88 6.0
c2 3 1.20-1.85 1.25 3.1
C3 7 1.04-1.36 1.21 2.6
H 11 2.0-3.5 2.9 5.6
L 20 1.9-4.0 3.1 5.4
LL 11 «5-5.5 2.3 4.0
E4 4 1.4-2.5 2.2 bod
E5 1 .8 —-—— 1.5
E6 5 .8-1.9 1.4 2.5
Calcium-poor achondrites
Ae 2 1.65-2.00 1.81 2.1
Ah 1 .14 - .19
Ac 1 o4 - .76
Au 4 .016-.076 .035 .06
Calcium=-rich achondrites
Aa 1 0.031 -—— 0.05
An 2 2.4-2.8 2.6 3.4
Aeu 9 .05-.70 .28 .40
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be seen from the relative constancy of the Ca/Sr
ratios in table 49; a few achondrites, notably the
aubrites, diogenites, and ureilites are strongly de-
pleted in strontium relative to calcium.

As might be expected, most of the strontium in
meteorites resides in the calcium minerals—plagio-
clase, clinopyroxene, and phosphates (chlorapatite
and merrillite). The data of Mason and Graham
(1970) and Allen and Mason (1973) on separated
minerals demonstrated that Sr shows a marked
preference for plagioclase over clinopyroxene. Gray,
Papanastassiou, and Wasserburg (1973) recorded
the following Sr contents in parts per million in the
Peace River (L6) chondrite: total meteorite 11.18,
plagioclase 92.86, phosphate 75.49. Shima and Honda
(1967) in in selective solution experiments showed
that in Bruderheim, in L6 chondrite, practically
all the Sr was contained in the HF-soluble fraction
(plagioclase and pyroxene), whereas in Abee, an E4
chondrite, about half was in the sulfide fraction,
which dissolved in bromine water. Thus, strontium
resembles calcium and magnesium in showing chal-
cophile affinity in enstatite chondrites.

The calcium-rich achondrite Angra dos Reis is
notable for having the highest Sr content and the
most primitive **Sr/*Sr ratio (0.69884) ; this primi-
tive ratio is due to this meteorite’s extremely low
Rb content, which has thus contributed essentially
no radiogenic Sr. Slightly lower %"Sr/%Sr ratios,
down to 0.69877, have been recorded in melilite-
clinopyroxene chondrules from the Allende (C3)
meteorite (Gray, Papanastassiou, and Wasserburg,
1973). In chondrites this ratio ranges up to 1.001
(Gopalan and Wetherill, 1970).

YTTRIUM

The data on the abundance of yttrium in mete-
orites are comparatively sparse. However, Haskin
and others (1966) have provided figures for mete-
orites representing all the chondrite classes, and
for the principal classes of achondrites; their data
are summarized in table 50, along with additional
data on the howardites and the eucrites.

The figures show that yttrium is relatively un-
fractionated between the different classes of chon-
drites. In terms of the Y/Si atomic ratio, there is
a small but systematic decrease from the carbon-
aceous chondrites through the ordinary (H, L, LL)
chondrites to the enstatite chondrites. The Ca/Y
atomic ratio is relatively uniform at 13,000-17,000.

Among the calcium-poor achondrites, the single
enstatite achondrite analyzed (Norton County) is
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comparable in Y/Si ratio to the enstatite chondrites,
and the two hypersthene achondrites give rather
divergent figures, but appear significantly lower in
yttrium than the chondrites. The calcium-rich
achondrites are enriched in this element, moderate-
ly for the nakhlites, and quite markedly for the
howardites and eucrites. Angra dos Reis, a unique
calcium-rich achondrite, has the highest Y/Si ratio
so far found for meteorites, and also has the highest
calcium content of any meteorite.

Yttrium is essentially lithophilic in meteorites.
Mason and Graham (1970) analyzed mineral sepa-
rates of two chondrites (Modoc and St. Severin)
and found yttrium to be highly enriched in the
calcium phosphate minerals, being present in them
at concentrations about 200 ppm; it was not detec-
ted in metal or olivine, and was present at about 1
ppm in plagioclase, pyroxene, and troilite. The only
mineral besides the phosphates enriched in yttrium
was calcic clinopyroxene (diopside and pigeonite),
which contained about 20 ppm. Yttrium is very
similar to calcium in ionic radius, and this evidently
conditions its tendency to concentrate in calcium-
rich minerals.

ZIRCONIUM

Zirconium (and hafnium) were determined by
neutron-activation analysis in 28 chondrites and 7
achondrites by Ehmann and Rebagay (1970), who
also reviewed earlier meteorite analysis for these
elements; the data for achondrites were revised and
extended by Ehmann and others (1976). Their re-
sults are summarized in table 51, together with ad-
ditional data on the calcium-rich achondrites and
on chondrites by Palme (1974) Ehmann and Chyi
(1974), and Ganapathy, Papia, and Grossman,
(1976). Zirconium shows a rather uniform concen-
tration in all classes of chondrites. The calcium-poor
achondrites are depleted in Zr relative to the chon-
drites, whereas the calcium-rich achondrites are
notably enriched.

The location of the zirconium within the mete-
orite phases is not revealed by the chemical anal-
yses. However, Marvin and Klein (1964) discovered
zircon as an accessory mineral in the Vaca Muerta
mesosiderite and in troilite nodules of the Toluca
iron (the latter confirming a report by Laspeyres
and Kaiser as long ago as 1895). They recovered
about 2 mg of zircon from 125 g of the mesosiderite.
P. Ramdohr (written commun., 1965) has identified
a crystal of zircon in a section of the Muizenberg
chondrite. In stony meteorites, zirconium (and haf.
nium) are probably contained largely in small,
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sporadically distributed crystals of zircon; 10 ppm
zirconium corresponds to 20 ppm (0.002 percent
zircon. In Angra dos Reis, the achondrite with the
highest Zr content, Keil and others (1976) identified
baddeleyite, ZrO,.

NIOBIUM

Information on the abundance and distribution of
niobium in meteorites is extremely sparse. Graham
and Mason (1972) analyzed 6 chondrites and 6 achon-
drites for this element by spark-source mass spec-
trometry, and Erlank and others (1972) analyzed
10 achondrites by X-ray fluorescence. These data are
summarized in table 52; they show niobium at a
fairly uniform concentration in all the chondrites
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analyzed, and a relative enrichment in the calcium-
rich achondrites.

Niobium is remarkably concentrated in meteoritic
rutile; El Goresy (1971) determined Nb in rutile
from three irons and one mesosiderite, and reported
NoO, 1.63-2.93 percent in rutile from the irons and
0.04-0.38 percent in rutile from the mesosiderite.
Graham and Mason (1972) noted a remarkably linear
covariance of Nb and Zr both in the meteorites and
in lunar rocks, and this was also established by
Erlank and others (1972). Marvin (1975) noted that
the marked coherence of Nb and Zr in lunar rocks
does not extend to the constituent minerals ; niobium
is concentrated in titanium minerals, ebpecially
rutile, not in zirconium minerals. It is, therefore,

TABLE 50.—Yttrium in stony meteorites

{From Haskin and others, 1966; and additional data on howardites from McCarthy and others, 1972; and on eucrites from McCarthy and
others, 1973]

Class Number Range Mean Atoms/lO6
analyzed (ppm) (ppm)
Chondrites
cl1 2 1.4-1.7 1.6 4.8
c2 2 1.8-2.1 2.0 4.6
Cc3 3 2.4 2.4 4.9
H 2 201-202 202 309
L 2 200—2-1 201 304
LL 2 109"200 200 302’
E4 2 1.0-1.5 1.3 2.1
E5 1 1.74 - 3.2
Calcium-poor achondrites
Ae 1 2.09 -——- 2.6
Ah 2 022"1022 07 09
AC 1 -64 — 102
Calcium-rich achondrites

Aa 1 35 —-——— 54
An 2 3.2-4.4 3.8 5.2
Aho 4 4.4-12 7.6 10
Aeu 8 14-26 17 24
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somewhat paradoxical that the Ti/Nb ratio in the
rocks is much more variable than the Zr/Nb ratio.

MOLYBDENUM

Information on the abundance and distribution of
molybdenum in meteorites is rather limited. For
stony meteorites, no data are available for achon-
drites; Case and others (1973) analyzed 26 chon-
drites for this element, and their data are sum-
marized in table 53. They are in agreement with the
earlier work of Kuroda and Sadwell (1954). Molyb-
denum shows a somewhat higher concentration (in
terms of atoms/10%Si) in the carbonaceous chon-
drites than in the ordinary chondrites; among the

latter, the concentration decreases in the sequence
H-L-LL, which is also the sequence of decreasing
metal content. This is to be expected in view of the
siderophile nature of molybdenum. In composites of
the chondrites they analyzed, Kuroda and Sanwell
(1954) found the metal to contain an average of
8.0 ppm, the troilite 5.7 ppm, and the silicate 0.6
ppm. Mason and Graham (1970) analyzed metal and
troilite separates from two chondrites, and found
that the metal contained 7-10 ppm, the troilite 3
ppm Mo. The siderophile nature of molybdenum in
chondrites has been strikingly confirmed by the dis-
covery by Wark and Lovering (1976) of minute
grains of Mo-rich alloy (Mo as high as 26 percent)
in the Allende (C3) chondrite.

TABLE 51.—Zircontum in stony meteorites

|From Enmann and Rebagay, 1970, and Ehmann and others, 1976; and additional data on calcium-rich achondrites from MecCarthy
and others, 1972 and 1973 ; on chondrites by Palme, 1974, Ehmann and Chyi, 1974, and Ganapthy and others, 1976]

Class Number Range Mean Atoms/lO6Si
analyzed {(ppm) (ppm)
Chondrites
Ccl 1 4.1 —_—— 12
Cc2 3 4.6-5.8 5.2 11
C3 1 5.9 - 12
H 5 4.8‘7-5 6-3 ll
L 9 3.9-‘8.9 5-9 9.7
LL 2. 5.2-6~5 5-9 9.7
E4 2 3.8-6 4.9 9.1
E5 1 7 ——— 13
E6 2 3-6’7.7 5-2 8-4
Calcium-poor achondrites
Ae 2 0.64-1.2 0.9 1.0
Ah 2 1.0-‘2.2 105 l.9
Ac 1 1.5 - 2.7
Au 1 3~9 ——— 604
Calcium=rich achondrites

Aa 1 100 - 150
An 1 8.1 - 11
Aho 4 15-36 24 31
Aeu 8 36-87 52 70
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Smales, Mapper and Fouché (1967) determined
molybdenum in 67 irons, and found a narrow range,
2.2-24.5 ppm, with a mean of 7.2 ppm. Fifty-eight of
these meteorites were in the restricted range 4.1-
8.6 ppm, and there appear to be no systematic dif-
ferences between the different classes. These results
are in agreement with the more limited data of
Murthy (1963) and Wetherill (1964); however,
Wetherill found one iron, Weaver Mountains (an
ataxite with 18 percent Ni), with 30.1 ppm.

RUTHENIUM

The data on the abundance of ruthenium in
chondrites have been assembled and discussed by
W. Nichiporuk, in Mason (1971), and are sum-
marized in table 54. They show a relatively small
range over the different chondrite classes, and a
notable correlation between diminishing metal con-
tent and diminishing Ru concentration in the se-
quence H-L-LL. Hara and Sandell (1960) prepared
two composite samples of six and nine chondrites
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(H and L), and separated and analyzed the metal
and the troilite phases; the metal contained 4.3 and
5.3 ppm, the troilite 6.3 and 5.2 ppm Ru. This indi-
cates that Ru is about equally siderophile and chal-
cophile in ordinary chondrites. However, Mason and
Graham (1970) found Ru to be concentrated in the
metal phase of chondrites, and did not detect this
element in troilite, which suggests that Ru may be
completely siderophile in these meteorites.

The only analysis for Ru in an achondrite is for
the diogenite Johnstown, for which a concentration
of 0.0029 ppm has been recorded (Bate and Huiz-
enga, 1963).

The most extensive data in Ru in iron meteorites
are those of Crocket (1972), who analyzed for this
element in 46 irons. He found a range of 0.16-36
ppm, and an average of 7.32 ppm. Scott and Wasson
(1975) have plotted the data on a Ru-Ni diagram
(fig. 13) ; negative correlations are present within
the major groups, excluding IA. They noted many

similarities to the Ir-Ni plot, although the total

TABLE 52.—Niobium in meteorites
[From Graham and Mason, 1972 ; Erlank and others, 1972]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
Ccl1 1 0.3 - 0.9
C2 2 «5-.6 0.6 1.2
C3 1 07 - 1-3
H 1 04 ———— 07
L 1 04 - 07
Calcium-poor achondrites
Ac 1 0.3 -——- 0.6
Calcium-rich achondrites
Aa 1 5 - 6.5
Aho 5 1.0- .9 109 2.4
Aeu 8 2.1-6.3 305 406
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TABLE 53.—Molybdenum in stony meteorites

[From Case and others, 1973]

Atoms/lOGSi

Class Number Range Me an
analyzed (ppm) (ppm)
Chondrites
Cl 2 1!2-1-5 104 400
C2 3 1.2-1.8 1.5 3.4
C3 6 1-7-2-4 2-0 3-8
E{ 7 103_200 1.7 2.9
L 3 101-106 1-3 2-0
LL 5 08-104 1-1 1;7
TABLE 54.—Ruthenium in stony meteorites
[From Walter Nichiporuk, in Mason, 1871]
Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites

Cl 3 0.58‘0-78 0069 109
C2 3 069--88 083 1-8
C3 1 1.0—1-1 100 1-8
H 14 o82‘1-4 101 108
L 11 o60-082 -75 1-1
LL 1 .50 —_——— .74
E4 2 092_1-1 100 106

variation of Ru is only 102, in contrast to 10* for Ir.

Wark and Lovering (1976) have identified micron-
sized metallic grains containing as much as 49 per-
cent Ru in Ca, Al-rich inclusions in the Allende (C3)
chondrite.

RHODIUM

The data on rhodium in meteorites have been
assembled and discussed by W. Nichiporuk, in Mason
(1971). They indicate that this element is the least
abundant of the platinum group. The sparse data

for the stony meteorites are presented in table 55.
No analyses are available for the carbonaceous chon-
drites. For the other classes of chondrites Rh con-
cencentrations do not range widely ; however, it may
be significant that the gingle LL meteorite (Benton)
has the largest Rh concentration and the smallest
content of metallic nickel-iron of any of the analyzed
chondrites. Nichiporuk and Brown (1965) separated
the metal phase from five chondrites and found this
metal to contain 0.9-1.1 ppm Rh and to account for
the total rhodium content of these meteorites. This
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short dashed when only a few data points define a group.
The straight dashed line shows the Ru/Ni ratio for C1
chondrites. Reprinted from Scott and Wasson (1975),
copyrighted by American Geophysical Union.
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indicates that the rhodium is probably entirely
siderophile in chondrites.

The data on Rh in iron meteorites indicate a range
of 0.14-5.5 ppm. Rhodium concentration shows a
generally inverse relationship to nickel concentra-
tion, although there are some exceptions.

PALLADIUM

The date on palladium in meteorites have been
assembled and discussed by W. Nichiporuk, in Mason
(1971). The information on stony meteorites is given
in table 56; this table includes data from Keays,
Ganapathy, and Anders (1971) on L and LL chon-
drites, and omits the data of Greenland (1967),
which are inconsistently high for this element.
Palladium concentrations are comparable with and
a little lower than those for ruthenium. Fouché and
Smales (1967b) analyzed separated magnetic
(nickel-iron) and nonmagnetic fractions of 20
chondrites and found Pd to be concentrated in the
magnetic fraction at 28 to 860 times that in the non-
magnetic fraction ; thus palladium is siderophile with
little or no chalcophile or lithophile affinity.

Nichiporuk and Brown (1965) measured palladium
in 24 irons, Smales, Mapper, and Fouché (1967) in
67, and their results are in good agreement. Smales
and his coworkers found a range from 1.6 to 19.7
ppm with a mean of 4.3 ppm; only two irons con-
tained more than 10 ppm, San Cristobal (13.8) and
Santa Catharina (19.7), both of these being ataxites
having more than 20 percent Ni. Scott (1972) cor-
related the Pd-Ni relationship in iron meteorites with

TABLE 55.—Rhodium in stony meteorites
[From Walter Nichiporuk, in Mason, 1971]

Class Number Range Mean Atoms/106Si
analyzed (ppm) (ppm)
Chondrites
H 4 0.20-0.40 0.25 0.40
L 4 015‘031 022 031
LL 1 048 —_—— 070
E 1 025 - 036
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the chemical groupings (fig. 14); he pointed out
that Pd, unlike the other platinum metals, shows
positive correlations with Ni in several groups,
specifically I, IIAB, IIIAB, and IVA.

SILVER

Silver is an element of notably low abundance in
meteorites, seldom as high as 1 ppm and usually
much less. P. R. Buseck, in Mason (1971), assembled
and reviewed the data available at that time, but
since then several papers have been published on
the abundance of silver in different classes of stony
meteorites, and these data are summarized in
table 57. Individual values within the different

DATA OF GEOCHEMISTRY

classes are notably variable, and this variation is
sometimes seen in different samples of the same
meteorite. However, the mean values show some
significant trends, notably a depletion in the sequence
C1-C2-C3-(H, L, LL) and in the sequence E4-
E5-E6. The achondrites are depleted in silver rela-
tive to the chondrites. Silver shows a fairly good
correlation with sulfur in the chondrites, the S/Ag
ratio (atomic, X 10°) showing a relatively small
range, from 0.45 to 1.24, suggesting that this element
is chalcophile in behavior. Greenland (1967) found
fairly uniform Se/Ag ratios in the chondrites he
analyzed, which supports this hypothesis. Little
direct information is available on the distribution of

TABLE 56.—Palladium in stony meteorites
[From Walter Nichiporuk, in Mason, 1971 ; and additional data from Keays and others, 1971]

Atoms/106Si

Class Number Range Mean
analyzed (ppm) (ppm)
Chondrites
cl 3 0.33-0.62 0.49 1.3
c2 4 «59-.79 .68 1.3
Cc3 3 .66-1.0 .77 1.3
H 6 «52-1.4 .91 l.4
L 11 .38-.78 .56 .78
LL 3 «48-.60 54 .76
E4 2 «44-1.08 .80 1.3
E6 2 «67-.69 .68 .93
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FIGURE 14.—Pd-Ni distribution in iron meteorites; the
dashed line is the Pd/Ni ratio for C1 chondrites. Solid
lines indicate positive Pd-Ni correlation within groups;
short-dashed lines enclose well-resolved groups. Re-
printed from Scott (1972) and published with permis-
sion.

silver in meteorites. Mason and Graham (1970)
noted that this element was detected in troilite
separated from chondrites, but not in other minerals.
Anders and others (1975) found 1.48 and 1.66 ppm
Ag in HClL, HF-insoluble fractions (largely chromite
and spinel) of the Allende meteorite, and 0.090
ppm in the buk meteorite; however, treatment of
these fractions with nitric acid reduced the silver
content to 0.08 and 0.03 ppm, which suggests that the
silver was probably contained in pentlandite rather
than the chromite and spinel.

Several investigations have been made of silver in
iron meteorites, the most extensive being that of
Smales, Mapper, and Fouché (1967). In 67 irons
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they found 28 having less than 0.01 ppm, and the
concentration in the remainder ranged up to 0.1
ppm. Thus, the concentrations in the irons is notably
lower than in the chondrites, indicating that silver
has relatively little siderophile affinity.

CADMIUM

The data on cadmium abundances in meteorites
were assembled and discussed by P. R. Buseck, in
Mason (1971). However, since then a considerable
number of papers with data on cadmium in stony
meteorites have been published and table 58 is com-
piled from these sources. The data are extensive,
but where the same meteorite has been analyzed by
different investigators the agreement is frequently
poor. Different samples of the same meteorite may
give markedly different results (Keays and others,
1971), suggesting that Cd is inhomogeneously dis-
tributed, and sampling may be a problem. The data
in table 58 show that Cd concentrations may be
extremely variable within a single class. However,
significant trends can be distinguished in the means.
Carbonaceous and E4 chondrites have much higher
Cd concentrations than other classes of stony mete-
orites. Cadmium is clearly a strongly depleted ele-
ment as defined by Anders (1971b), the relative
depletion in the sequence C1-C2-C3-(H, L, LL) be-
ing 1.00:0.58:0.16:0.03. The Zn/Cd ratio (atomic)
is fairly constant for the carbonaceous and enstatite
chondrites at 700-1,100, whereas in the ordinary
(H, L, LL) chondrites this ratio is 2,600-3,300, indi-
cating a considerable depletion in Cd relative to Zn
in the (H, L, LL) classes. In general, the achondrites
are depleted in Cd relative to the chondrites.

Iron meteorites have even lower Cd abundances
than stones. Rossman and de Laeter (1974) analyzed
19 irons, and found Cd contents ranging from 0.1 t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>